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A new approach for determining roughness by means
of contact angles on solids
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~~ Abstract—Contact angle hysteresis on rough surfaces is caused by the contortion of the liquid surface that
must occur a

~ the Wenzel equation for the effect of roughness on"the contact angle, 6, with the well-known equation
relating contact angles to the surface free energy of the solid and of the liquid, and with Good’s hypothesis

of a free energy barrier to liquid front motion. The method that is developed calls for measuring 6 for
— ———————aseries of liquids and plotting cos 6, vs: ,/y,Lw/y, and extrapolating to the limit of (1/y») - 0. On a
: —perfectly smooth,-homogeneous surface, the intercept is™— 1 and the Wenzel ratio for a rough surface is
given, approximately; by the negati)_'é‘ of the value of the -t
due to roughness, is also predicted. Experimental dat:

bﬁééemed for measurements with Teflon FEP.

Kevwords: Contact angle hysteresis; roughness; Teflon FEP; Wenzel ratio.

1.INTRODUCTION
~Surface roughness is one of the major causes of contact angle hysteresis [1]. The
- Contact angle of a liquid on a solid is strongly affected by any deviations of the surface
__from ideality [2, 3], such as roughness. For a rigid, chemically homogeneous surface,
Young’s equation,
Ysv = Ysi = Vv cos by, (1)

can be exact only if the surface is smooth. Wenzel [4] identified a roughness ratio,
r’ i

r =

%. )
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YStrictly speaking, a rough surface
-Sc the theory that we employ
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cannot be perfectly homogeneous as regards local energy density.
must be recognized as an approximation for real surfaces,

as the liquid front passes from one metastable cconfiguration to another. We have combined - 3

reept. A shift of the y, value for the solid,
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where a is the actual. microscopic area and A is the apparent area, the projection of
the microscopic area on a plane. The Young—Wenzel equation is

COSGW —_ M (3a)
il
E 2 = rcos by, (3b)
S ' ' where Gw is the contact angle on the solid whose roughness ratio is r.
It has been shown [5-8] that for a liquid on a homogeneous smooth solid, the
followmg general equatlon holds:

1+ cosby) = 2,[yVy Y — 2(Jys v +/rey, ) (4a)

where the superscript LW denotes the apolar (London—van der Waals) component of

the surface free energy [3, 8] and the polar (acid—base) components of y; and y; are

designated by e for Lewis ac1d1ty and © for Lewis basicity. For apolar solids such as
-~ polypropylene-and- Teﬂon ys and ys are zero, so that-

liquid surface that

Ve have combined

1l known n-equation——
Good's hypothesis

T measuring-8-for
1/n) = 0. On.a
a l‘Ough surface is -
-alue for the sohd T
- with Teflon FEP.

NN f’""y,(1+cc‘>sey),=2w if y2 =y =0 (4b) -

- cosby =—-1+2,/yV SRV i S (40)

Fox and Zisman.-[9] recommended plotting cos @ vs. y; for a series of liquids, and
—extrapolating to the intercept with the line for cos8 =1 (6 = 0) to determine .,
the critical surface tension for the wetting of a solid. Good and Girifalco pointed
out that a plot of cos6 vs. 1/,/y gave a theory-based straight line, and hence (when
extrapolation was required) a much more valid number for y.. Good [11] demonstrated
mathematically the relation between the Fox and Zisman plot and the plot of cos@
vs. 1/ /.

On the basis of the form of equations (4b) and (4c), Fowkes [10a, b] recommended
including a point at (3! = 0,cos8 = —1) in a plot of cosé vs. /¥ V/y. This

resis [1]._The~
s of the surface
:neous surface, -

i

ughness ratio,

,,777(2) approach needs to be improved upon, by combining equations (4c) and (3b):
i yV
E = cosbw = —r + 2r [yW : )
:hem, PA 18015, E : v
. IL 61801, USA. 3
Il energy density. = Then in the graph of cos8 vs. y,LW /vi the line should not be forced to go through

the point (0, —1). The intercept at y," — 0 should be a measure of the roughness.
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We will show below how the extrapolation of the observed advancing and retreating
cos @ values can be used to obtain a measure of the Wenzel roughness ratio.

The critical surface tension for wetting, yc, should also be a function of the rough-
ness. From equations (3) and (5), with cosf =1,

2r \?
ycLW = ysL“ (1 T I‘) s . (6)

provided that (as is commonly the case) the critical wetting liquid is apolar. If the
true value of y, LW has been determined, using a molecularly smooth sample, then for
a rough sample an apparent critical surface tension, y*, may be determined using
the contact angle of a series of liquids. The roughness may be obtained by means of
equation (7), which is equation (5) for 6w = 0:

: L
/. Lw*
W Ye

144

r=|-1+2 ©)

2. HYSTERESIS THEORY

e In 1952 [1], it was proposed that hysteresis on a chemlcally homogeneous, rigid solid

- could be explained as due to the free energy of activation, F, or F;, required in

: __orderior_athuld from to_move frorn one metastable conﬁgurauon to another wh11e B

: niddxﬁed form of the equatlon in ref. [l]

Y1€086, =r(ys — ya) — Fa

: yzcose —r()/s ),Sl) _i

- Figure .1 shows a model surface with a sinusoidal cross-section, and indicates the
location of the liquid front such that the local angle is the Young angle and the shape
of the hquxd surface (e.g. for a drop whose volume is constant) is determined by the
constancy of the Laplace curvature (1/p; 4 1/p2), where the p’s are principal radii of
curvature, over the whole liquid surface. When the drop front is not at a (metastable)
equilibrium location, the curvature must depart from constancy, and this will cost
energy, e.g. F,.

Johnson and Dettre [12] used a model of a eurface having ridges in concentric rings,
with a sinusoidal profile. A drop of liquid is placed at the center, and liquid is added
or withdrawn so that the diameter changes slowly. The free energy of activation is
due to the local increase (or decrease) in area of the liquid surface. Consider the
liquid to be a drop whose volume is constant. If the liquid surface is a section of
a sphere when the front is in a metastable configuration, then a small motion (say,
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I

e 7F1gure 1. .(,a), A model surface with a liquid front at a metastable location. (b) Liquid front at an unstable
__location, to the left of the location in (a). Note }l}@ §maller radius of curvature near the solid.

from right to left) will require that the liquid/vapor area increase (or decrease) before
_returning to a minimized area when a new metastable configuration is reached.
~~If, instead of concentric rings, the surface consists of random hills and valleys, then
“in a metastable state the liquid front will wander across the surface-in such a way as

Q)
ndicates the
1d the shape
1ined by the
ripal radii of
(metastable)
s will cost

rentric rings,
uid is added
activation is
“onsider the
a section of
motion (say,

“hypothesized that ——

" to keep the local contact angle as nearly constant as possible, with the free energy
~ being minimized by allowing local contortion of the liquid surface near the solid,

together with very local fluctuations of the contact angle away from the Young angle.
The magnitudes of the energy barriers should be a function of the surface tension
_of the liquid, as well as of the roughness ratio. For the advancing angle, we have

Fa=wfir). - O

It should not be expected that Fr will be equal to F, in general. It became evident
from the experimental results that the form of the energy barrier in the retreating case,
F., must be more complex than that of F,. A possible form for F; is

Fr=vfn,r). (9b)

Then equations (8a) and (8b) become

yicosfy =r(ys — va) — vi.fi(r) (102)
y1cos by = r(ys — vs1) — vi.fa(vi, 1) (10b)
The Wenzel angle is now taken, provisionally, to be the advancing angle, 6,, or the re-

treating angle, 6;, depending on the direction of the liquid front motion. Equation (8a)
combined with equation (5) yields

At
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Lw
€08y = —r +r\/yV =y fi(r) (11a)
g : 3 In princi
;, —r = 11m [cos 6. + fi (r)] (12a) ‘ should yie!
| 70 3 be the case
) -3 Finally.
2 - 3 compositic
LW _ 1w : '
- Yo =0 (m) ) (12b) - o for the rel:

Also,

e e e — B epla
], et , /yle =
' cosby = —r + r,/ysLW y 3
Vi

= +vfo(vi, 1) (11b)
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i ! ' For this purpose, the value of ¥V is needed. It can be determined using a sample - could be
of the solid that is actually smooth, with an apolar liquid such as CH,l,, and the . WV-CM1
B 5, ' following equation [based on equation (4)]: 3 onto the :
sl Lw ) 7 a stainles
I w o Y (1 +0086,) (15) drop’. wit
Bl * 4 ; retreating
| i after stop)
? ]: If a graph of cos 6, vs. /™ /v for the smoothest available sample has indicated ap- slight but
1 By

preciable (but not too serious) roughness, e.g. according to equations (11a) and (12a),

lower-vis:
ignoring f(r), then a second approximation can be estimated using

be satista
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(11a)

—(12a)— =
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2

w1+ cosby+ fi ()]
) .

In principle, the same general data-handling method applied to retreating angles

v = (16)

__should yield the same value of r as the advancing angle data. This turned out not to
- be the case.

Finally, we can compare samples of a particular solid that have the same surface

‘composition, using the smoothest available surface as a reference sample. We write
- for the relative roughness, R,

B A RS el elmemisboinl COSOrough r

S R an

COS Oef Tref

~and replacing r by R in all the above equations. For the reference surface, Rrer = 1.

3. EXPERIMENTAL D

--3.1. Materials

'”Teﬂon FEP sheet from DuPont was “used as ‘received (after rinsing with a hght hy-

__drocarbon) for_the smooth’ sohd and it was roughened by random abrasion with
— SiC paper of various- grit sizes.Lucite PMMA sheet; also from DuPont, was used -
—as received. The liquids employed were triply distilled water; formamide, 99% spec-

trophotometric grade, Aldrich Chemical Co.; ethylene glycol, > 99%, spectrophoto-

_ metric grade, Aldrich Chemical Co.; diiodomethane, 99%, Aldrich Chemical Co.;
~ bromobenzene, -ACS- certified grade Fisher Scientific Co.; benzene, Spectro ACS

(3
(14)

ng a sample
.21, and the

(15)

ndicated ap-
1) and (12a),

—grade,- Eastman- ‘Chemical Co.; n-octane, >99%,. Aldrich Chemical Co.; activated

alumina, Fisher 501ent1ﬁc Co.; and activated carbon, Darco G-60, 100 mesh Aldrich

.Chemical Co.

The diiodomethane was purified with activated carbon and stored over pure copper

~ shot in a darkened container. The rest of the organic liquids were purified by treatment

with activated alumina.

3.2. Equipment

" A Ramé Hart contact angle goniometer, model 100-00, modified by the insertion of

a zoom lens (for ¢ontrol of magnification without loss of focus) was used. Images
could be recorded with a system consisting of a Panasonic video monitor, model
WV-CM110A, and a Mitsubishi video printer, model P71U. The drops were delivered
onto the solid samples with a micrometer syringe, from Fisher Scientific Co., with
a stainless steel needle. The needle tip was used to hold the liquid as a ‘captive
drop’, with the needle well centered. In measuring the advancing angle 6, and the
retreating angle 6, it was observed (on examination at higher magnification) that
after stopping the addition or withdrawal of liquid, the three-phase line continued in
slight but detectable motion for as much as 1 min with ethylene glycol. With the

lower-viscosity liquids; a wait of 30 s before recording a measurement appeared to
be satisfactory.

H
|
H
! |
i

s e




4. RESULTS

Tables 1 and 2 show the measured contact angles on Teflon FEP. Figure 2 was part of
an early series of measurements. The Teflon FEP was from a different sample from
that used in the rest of the study. The figure shows the graph of cos 8, and cos 6, for

liquids on Teflon FEP vs.

Determination of roughness by means of contact angles on solids

is 19.0 = 3 mJ/m? based both on 6, and 6;.

Figure 3 shows the cos 6, results for ‘smooth’ Teflon FEP, second series of meas-

~ urements.* The estimate of cos 8 for 1/y; =0 is-1.07-= 0.15, in-excellent agreement-

~ with Fig. 2. The error band was set at 95% confidence limits. The estimate of y, is
18.7£3.0 mJ/ m?, in excellent agreement with the earher work. Figures 4, 5, and 6
show the curves of cos8, vs.
4000,-1000, and 600 grit papers; respecuvely

Table 1.

VY LW/ y; for surfaces that had been roughened w1th

187

Y™ /v for the smoothest Teflon that was available. The
extrapolated value of cos6,, for abscissa = 0, was — 1.05. The extrapolated value of
cos 6, was —0.7. The latter value is clearly not equal to cos6,. The extrapolated y.

Advancing contact angles (in degrees) of some liqhids on the Teflon FEP surface roughened with SiC
— paper of various grit sizes

~ Liquid

Teflon FEP surface roughened with:

: 4000 grit ..~ 1000.grit " 600 grit. S
Water 118619~ 7 1258+23 . 1404+37 - 1556+40 --. -
ormamide - -102.7 £ 1.7————-—-103.9+£23 - 1202+ 3.6 133.7+£3.0
~Ethylene glycol 949+0.38 193827 115.8 £3.0 1322+29
- Diiodomethane 80.9 £ 1.1 95.7+1.5 105.0 £ 2.6 1124 £24
—— Bromobenzene 702+05 ... 154+24 - 722429 80.0£1.6
“Benzene ... 58033 . .-527+30 —545+15- =59.8+1.8
—Octane 34604 344%17 0.0 0.0
= Table 2. -

. 'Recedmg contact angles (in degrees) of some ]1qu1ds on the Teﬂon FEP surface roughened with SiC

paper of various grit sizes

Liquid Teflon FEP surface roughened with:
4000 grit 1000 grit 600 grit

~ Water 1052+ 1.3 97.6+1.0 93.8+23 128.7£3.7
Formamide 86.5+0.3 748 +1.7 76.3+3.5 56.6 £2.2
Ethylene glycol 79.8 £ 0.6 65.6 £ 1.1 ~45.0% 1.1 285+5.9
Diiodomethane 78.8 £0.7 70.5+2.3 459 £3.1 0.0
Bromobenzene 58.1£1.3 48.0+ 0.9 0.0 0.0
Benzene 464 £ 1.7 319+34 0.0 0.0
Octane 19.6 £ 0.9 99+05 0.0 0.0

*The first series was conducted by M. K. Chaudhury and the second series by C. Yeung.
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1.0 | ‘
0.5F
0 -
T
- ——==*Smooth’ Teflon FEP- -
~0.5F g s
Al
-1.0F

| 1 1 1 v i AJ‘
0 004 008°012-016-020 024~ ~ — - -
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0.0 4
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eung.
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Figure 2. cos 6, and cos 6; for liquids on the ‘smoothest’ Teflon FEP, first series.

e e Advancing anglegigq“smppﬁhf_f[eﬂoqFEP -

cos t,

o Water
o Formamide

4 Ethylene glycol
v Diiodomethane
f ¢ Bromobenzene
L © Benzene

& QOctane

I | It | 1 1 s | i 1 L J

50 005 010 0.15 020 025 0.30

VILW /v

Figure 3. cos6, for liquids on the ‘smoothest’ Teflon FEP, second series. The error band corresponds
to 95% confidence limit.

-

s




HAIN

Determination of roughness by means of contact angles on solids 189 ' 190
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S
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Figure 6.

———— Figured. cos6; and cos 6, for liquids on Teflon FEP roughened with 4000 grit SiCpaper_______

e ~~ Advancing angles on Teflon FEP
roughened with 1000 grit SiC paper
1 -

Figure 7.

_3- SPURN W N NN N NS SN GRS S W'
0 0.05 0.10 0.15 020 0.25 0.30 Figur
M R Solld:
physic:

Figure 5. cos 8, for liquids on Teflon FEP roughened with 1000 grit SiC paper. : : the the
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Advancing angles on Teflon FEP
roughened with 600 grit SiC paper

cos 6,

BRI S A S S S B R
0 0.05 0.10 . 0.15 0.20 025 0.30

ylLW/yl

-~ Figure 6. cos 6a for liquids on Teflon FEP roughened with 600 grit SiC paper. -- e

Retreating angles on ‘smooth’ Teflon FEP

-2 . 1 N 1 . I A | A 1 .
E 0 0.05 0.10 0.15 0.20 0.25 0.30
V[Lw/ Y

Figure 7. cos6; for liquids on the ‘smoothest’ Teflon FEP.

Figures 7 and 8 show cos 6, for the smoothest Teflon and the 4000 grit-roughened
solid. The 1/y — O intercept is —0.8 & 0.2 and — 0.5 & 0.3, both of which are
physically impossible as a measure of r. So we reach the tentative conclusion that
the theory, i.e. equations (9)-(14), may not apply to retreating angles. This conclusion
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Retreating angles on Teflon FEP
roughened with 4000 grit SiC paper

-2 L 1 L 1 1 1 1 1

! 1
0 0.05 0.10 0.15 0.20 0.25 0.30

1

Figure 8. cos6; for liquids on Teflon FEP rohgheﬁea with 4000 grit SiC paper.

Advancing angléS on ‘smooth’ PMMA

_2'.~ — | i 1 i 1 ; [ -
0 0.05 0.10 0.15 0.20 0.25 0.30

},’LW / Y

Figure 9. cos6, for liquids on ‘smooth’ PMMA.

is supported by the fact that with retreating angles on Teflon FEP roughened with 1000

! grit and 600 grit paper, y. was 37 mJ/m? on the former and 56 mJ/m? on the latter.

- * A series of §, measurements on roughened PMMA were also made (see Fig. 9 for

1 ~ the smoothest surface). The y. value was 37 + 10 mJ/m?. in fair agreement with
‘ Zisman’s value of 39 mJ/m? [13]). The intercept at 1/y, — 0 was at — 0.1 +0.15.
- For PMMA roughened on 4000 grit paper (Fig. 10), y. remained the same within
experimental error, but the ¥y~ = 0 intercept was — 0.1.
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Advancing angles on PMMA
roughened with 4000 grit SiC paper

..| -
_2- N 1 n 1 f 1 L 1 ! L L
0O 005 010 015 020 025 030

R IV

Figure 10. cos6, for liquids on PMMA roughened with 4000 grit SiC paper. |

. Johnson and Dettre’s curves for water contactangle

ned with 1000

- on the latter.
'see Fig. 9 for
rreement with
—-0.1 £0.15.
: same within

1.0 1.5 2.0 25 3.0 3.5
Roughness ratio

Figure 11. Johnson apd Dettre’s computations for the contact angle of water vs. the roughness ratio.

The combination of the Young—Wenzel equation with equation (4a) for a monopolar
basic solid (such as PMMA) and a polar liquid is

Y (Y] e

cosbw =r| 1 —2,/y¥
) Yi Vi

i 5 PR R e

SjE
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Figure 12. Observed contact angle of water on Teflon FEP vs. the relative roughnesAsw ratio R. - -
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Roughness ratio, R

Figure 13. Energy barrier for Iidixid i\d;'z{rice vs. the roughness ratio R on Teflon FEP.

It would not be expected, on the basis of equation (18), that the simple extrapolation
of cos@ vs. VYW /v would yield very useful information. :

Johnson and Dettre [12] computed the curve of advancing and retreating contact
angles vs. the roughness ratio for their model surface (see Fig. 11). The sharp rise in
cos6r, at about r = 1.8, was said to be due to the entrapment of air in the grooves
on the surface. Our experimental results are shown in Fig. 12, which is in qualitative
agreement with Fig. 11. The rise in cos 6, around r = 1.4, does correspond to the
entrapment of air.

Table 3 shows the numerical results for roughened Teflon FEP. In this table, the
value of 17.0 for y¥ s probably valid because the roughness term (r* = 1.07) is

-05 S— — - — el
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Table 3.
I Results for r

- Grit £
size
4000
1000
600

Figure 14. Scu
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Table 3.
Results for roughened Teflon FEP
Grit Intercept r* v mi/m?) YN (mi/m?) R fiU(R) (mJ/m?2)
size (apparent) (uncorrected)
— 1.07 £0.15 176 £3 17.0- [1.0] [0.0]
4000 1.23+04 176 £4 15.7 1.07 0.070
1000 1.76 £ 0.6 19+ 4 124 1.29 0.34 i

600 2.05 +£0.75 20 x4 10.7 R 0.47

25

Gio R,

extrapolation

iting contact
sharp rise in

the grooves : Lo Figure 14. Scanning electron micrograph of “smooth™ Teflon FEP. Magnification x 500.
n qualitative 3
spond to the close to 1. The apparent y, varies with the roughness. The values of YWV in column 4
' are less than 17.0 mJ/m?. and do not represent the smooth solid. These trends agree
is table, the 3 with expectations.

"= 1.07) is Figure 13 shows the energy barrier, fi(R). as a function of R from our data.
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= Flgure is‘*‘yé_caf»iﬂing‘erlr@tron micrograph-of ‘Teﬂ'onnFEP"roﬁgﬁ d with 4000 grit SiC paper.

We do not report the calculations based on the retreating angles. Values of r* that

‘were less than — 1 indicated that the analysis was not applicable. . We h
the data on PMMA, or other polar solids. for similar reasons.-

Figures 14-16 show scanning electron micrographs of three of the surfaces that
were studied.

ave not treated

5. CONCLUSIONS

We have developed and tested a method of determining the roughness of
from advancing contact angles. The method is validated for moder:
up to a Wenzel roughness ratio of 1.4. The retreating angle. 6,. appears to be less
directly related to the Wenzel roughness than is ¢,. The enerey barrier for liquid front
advancing is about 0.5 mJ/m? for Teflon that has been abraded with 600 grit SiC
paper.

apolar solids
ate roughness, e.g.

196

- Figure 16. S
" cation x 500.
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