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Influence of surface roughness on the wetting angle
X.B. Zhou and J.Th.M. De Hosson
Department of Applied Physics, Materials Science Centre, University of Groningen, Nijenborgh 4,
9747 AG Groningen, The Netherlands

(Received 1 August 1994; accepted 11 April 1995)

In this paper the influence of surface roughness on contact angles in the system of liquid
Al wetting solid surfaces of AI2O3 has been studied. It was observed that contact angles
of liquid Al vary significantly on different rough surfaces of A12O3. A model is proposed
to correlate contact angles with conventional roughness measurements and wavelengths
by assuming a cosine profile of rough grooves with a Gaussian distribution of amplitudes.
In comparison with the experimental results, the model provides a good estimate for
describing the influence of surface roughness on contact angles of liquid Al on A12O3.

I. INTRODUCTION

Interface strength between metal and ceramic may
be significantly influenced by the wetting behavior
on rough surfaces. Rough surfaces may increase the
interface area which contributes to an increase of inter-
face strength. On the other hand, a rough surface might
not be completely wetted because of poor wetting and
sharp grooves. These unwetted parts of the interface may
be one of the main reasons for reducing the interface
strength.

An accurate measurement of contact angle is impor-
tant, as the interface energy and the work of adhesion
are related to it.1 However, the contact angle of liquid
Al on A12O3 seems to vary significantly for different
measurements.2 The commonly accepted argument for
this inconsistency points to the influence of surface oxide
layers around liquid Al. Differences in atmosphere or
vacuum during wetting experiments contribute to the
formation of the oxide layer. However, the deviations
of contact angles still varied considerably in some ex-
periments although the vacuum conditions were nearly
the same.2

Indeed, A12O3 is very hard and difficult to be pol-
ished smoothly and since it is usually prepared by
sintering, it is porous as well. In that sense the surface of
A12O3 is intrinsically rough, an aspect that might affect
the experimental values of the contact angle substan-
tially. Despite its importance for (laser) processing and
mechanical behavior, effects of surface roughness on the
contact angle have not been sufficiently emphasized in
the field of metal-ceramic interfaces.

On the other hand, in the study of liquid polymer
wetting on a solid, investigations on the effect of sur-
face roughness have been carried out since 1936.3~5

According to a thermodynamic analysis, Wenzel3 de-
rived the following formula: cos 6 = D cos 6th, where
D is the roughness parameter which is defined as the
average area ratio of real attached interface to its pro-

jected part. In his treatment, the rough surface was
supposed to be completely wetted by a liquid drop
at the interface. However, if the rough surface con-
sists of a sharp groove, the interface will be partly
wetted. In addition, Cassie and Baxter6 derived an-
other equation: cos 0 = (1 - F)cos 0th - F, where F

is the area fraction of an uncontacted solid-liquid in-
terface on solid. However, the equations of Wenzel,
Cassie, and Baxter have not been widely accepted in
the literature. There are mainly two reasons for this.
Firstly, the roughness parameters D and F have not
been experimentally realized; i.e., D and F could not
be measured experimentally. Secondly, the variation of
the experimental contact angles with surface roughness
is not consistent with the prediction from the equations
of Wenzel, Cassie, and Baxter.4 Actually, as pointed
out by Oliver et al.,4 the equations of Wenzel, Cassie,
and Baxter are restricted to a certain special geometry
of a rough surface, such as a liquid drop spreading
radially on radial grooves, where an equilibrium state can
be reached.

However, it is often found that when an interface
advances along a surface the advancing contact angle
is larger than the receding angle.7"13 This is known as
contact angle hysteresis. Clearly, the interface is not
retracing its original path when it recedes, so that the
process is not thermodynamically reversible. The exis-
tence of hysteresis and irreversibility usually means that
a system is trapped in a metastable, nonequilibrium state.
Surface roughness is one of the main factors that cause
the hysteresis effect. Concentric circular grooves, in the
middle of which a liquid drop was placed, contribute
to the metastable, nonequilibrium state of wetting, and
consequently to the contact angle hysteresis.7

In this paper, the effects of these two types of
grooves, radial and circular distributions on contact an-
gles, have been examined. A model to correlate contact
angles with conventional roughness parameters has been
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proposed. Contact angles of liquid Al on various rough
surfaces of AI2O3 have been measured and the model is
applied to analyze the experimental results of liquid Al
wetting on rough surfaces of A12O3.

II. EXPERIMENTS

Two sintered AI2O3 batches, hereafter called A and
B, have been used for wetting experiments. The sintering
process and the grain sizes between samples A and B are
different, which may contribute to the different behaviors
of surface roughness and wetting between them. The as-
received A12O3 samples were ground by SiC paper up
to 500 grit which are numbered Al and Bl. The smooth
samples A2 and B2 were carefully polished by diamond
powders of size up to 0.1 /xm. The surface of the as-
received sample A0 is relatively flat and was used for
a wetting test as well. Drop size of pure aluminum is
about 1-2 mm in diameter, which is small enough to
neglect effects due to gravitation. Wetting experiments
were done at 900 °C for 1 h and at 975 °C for 15 min in
a vacuum of 2.6 • 10"4 Pa. All the samples were placed
in the furnace at the same time to maintain the same
condition. After cooling to room temperature, contact
angles were measured by an optical microscope from
the geometry of drop images. The measurement error
of contact angles is about ±2.5°. The thermal expansion
and solidification of the Al droplets during cooling may
influence the geometry of the solidified droplet and the
measured contact angles, but the effects are within the
measurement error.

The surface roughness was measured using a pro-
filometer called Perthometer (Perthen, Mahr), which is
a well-known conventional instrument to determine a
surface profile and surface roughness. In the measure-
ment, the stylus tip from the Perthometer moves on
the sample surface and the surface profile is traced
by the displacement of the tip. Three different stylus
sizes (2 ^ra, 5 ^m, and 10 /mm in radii) were used in
the measurements to characterize the rough surfaces. In
order to obtain the peak distributions and wavelengths
from the profile of the rough surfaces, an ALPHA-
STEP 200 (TENCOR Instruments) with a stylus size of
5 /xm in radius was used. The average wavelength was
measured from the surface profile. All the measurements
were repeated for a total of 5 times at both x and y di-
rections on the surface and averaged afterward. Further,
a scanning electron microscope (ISI-DS-130) was used
to study the rough surface and wetting behavior.

III. EXPERIMENTAL RESULTS

Figure 1 displays a typical SEM image of an Al
drop on an A12O3 surface. Figure 2 is the contact edge
between Al and AI2O3. Obviously the contact angles of
Al on the rough surface of AI2O3 vary from place to

FIG. 1. SEM image of an Al drop on an AI2O3 surface.

FIG. 2. SEM image of contact edge between an Al drop and an AI2O3

surface.

place. The experimental contact angle taken from the
geometry of the drop would be the average value of
contact angles at the wetting edge.

Table I lists the experimental results: contact angles
0exp of liquid Al on solid A12O3 surface at 900 °C and
975 °C, average wavelength A, and roughness Ra of the
AI2O3 surface at different stylus sizes r. The measured
surface roughness Ra decreases with increasing size r of
the stylus. The experimental errors of surface roughness
are also listed in Table I. It is noticed that the influence of
surface roughness on contact angles is quite significant.
With increasing roughness of AI2O3 surface, contact
angles of liquid Al increase at both 900 °C and 975 °C.
Contact angles at 975 °C are much lower than those at
900 °C. It may also be noticed that the contact angles
are different even on the same specimen. The differences
are larger than the experimental error. The reason for that
will be discussed in the following section.

J. Mater. Res., Vol. 10, No. 8, Aug 1995 1985



X. B. Zhou et al.: Influence of surface roughness on the wetting angle

TABLE I. Experimental results of contact angle of liquid Al on AI2O3, surface roughness at different stylus sizes (r = 2, 5, and
10 /U.m), and wavelength.

Samples

A0 received

Al ground

A2 polished

Bl ground

B2 polished

Contact angle 1

At 900 °C

151.7

144.0

136.1

150.6, 168.0

116.2, 124.7

9exp (deg)

At 975 °C

96.6, 98.6

89.7, 94.2

84.4, 87.6

87.3, 101.6

82.1, 86.3

r — 2 /xm

0.389

±0.0396

0.177

±0.0269

0.0466
±0.0105

0.238

±0.019

0.0185

+0.0017

Roughness Ra (Aim)

r = 5 fim r

0.307

±0.0357

0.116

±0.0088

0.0259
±0.0022

0.124

±0.009

0.0152

±0.0011

= 10 /mm

0.0301

±0.0043

0.0153

±0.0034

0.0058
±0.0013

0.0182

±0.0021

0.00570

±0.0019

Wavelength A (/um)

6.424

5.256

2.764

4.915

2.285

IV. MODEL

The main purpose of this section is to provide an
analytical expression which may correlate conventional
roughness parameters with contact angles. The principal
assumption of the model is that rough grooves of a
surface distribute as a cosine profile with a Gaussian
distribution of amplitudes. In this type of groove profile,
wavelength and amplitude are the only two parameters to
characterize the rough surface. Further, a rough surface
can be represented by a combination of two types
of grooves: radial grooves an circular grooves, in the
middle of which a liquid drop was placed. The effect
of radial grooves on contact angles can be treated
thermodynamically to attain an equilibrium state, but
the circular grooves contribute to the metastable state of
wetting. As a result, specific relationships among contact
angle, wavelengths, and amplitude of the cosine profile
on both radial and circular grooves can be derived.
Finally, the relationship between conventional roughness
parameters and contact angles is provided by the model.

A. Influence of stylus size on surface
roughness value

To imitate a real surface, rough grooves on the
surface are assumed to distribute as a cosine profile with
a Gaussian distribution of amplitudes A as presented in
the following:

2TTX

b

PA =
iV2~7r

exp
2a\

(la)

(lb)

where x is the position on the surface, z the variation of
height, A the wavelength, A the amplitude, and aA the
standard deviation A.

The stylus tip that was applied to measure the
surface roughness is supposed to have a spherical shape.
If a stylus tip with a radius of r moves over a cosine
profile of grooves, some parts of the grooves may not be
touched or "seen" by the stylus tip because of the finite
size effect. The variation of the stylus tip on the cosine
profile surface represents the experimentally detected
surface profile. According to the definition of the surface
roughness,14 the surface roughness value measured with
a finite stylus r can be calculated from the moving trace
of the stylus tip center on the surface, as illustrated
in Fig. 3:

Rr = / 2PJ I / fix) - \ \
Jo [/i in A Jx0

X fix)\dx\\dxx dA (2)

where

(2irx\ \
fix) = A cos —— J - r + rcosjarctg)

V A / [ L A

Xsin( —

(2a)

FIG. 3. Variation of a spherical stylus tip moving on a cosine profile

surface.
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and

. , , 2TTA . {2irx
x — r smj arctg —;— sin (2b)

X\ is the coordinate of the spherical center of the stylus
tip, and x0 is the position of x when x\ = 0. Equation (2)
provides the dependence of surface roughness Rr on
the stylus size r, standard deviation aA of amplitudes A
and wavelength A. After comparison of the experimental
roughness Ra with Rr from Eq. (2) at a certain stylus
size r, the standard deviation crA of amplitudes could
be evaluated.

The "real" surface roughness /?rea] of the cosine
profile surface measured with an infinite small stylus
size can be derived as:

* rea, = 2PA\ -
JO |_ A Jx0

Acosl
V A

dxldA

0.5crA (3)

which is about half of the standard deviation aA and is
independent of wavelength A. i?real should be larger than
Rr because of the stylus size effect.

B. Wetting on radial grooves

Rough grooves of a surface, which may contribute
to the influence of contact angles, can be categorized in
two types: radial grooves and circular grooves, in the
middle of which a liquid drop is placed.4 Any practical
rough surfaces can be represented by a combination of
these two cases. Here we start with a wetting on radial
grooves.

Figure 4 illustrates a liquid drop wetted by a rough
surface. G is the radius of the liquid drop and H is
the height of the drop center from the solid surface.

Subst rate

wet ted u n - w e t t e d

sur face s u r f a c e

FIG. 4. Definition of the roughness parameters D and F.

The surface area of the liquid drop is given by SL =
2TTG(G + H) and the projecting area of the rough
interface is So = ir(G2 — H2). If the solid surface is
rough, some parts of the interface may be wetted but
some may not be. The interface area of wetted parts is
Si and that of unwetted parts is S2. The projected areas of
Si and S2 on the interface So are S[ and S'2, respectively,
then S[ + S2 = So. Thus two roughness parameters can
be denned as D = S,/Si and F = S^/SQ, where D is the
roughness parameter of Wenzel's type3 and F is that of
Cassie and Baxter's type.6 Obviously D > 1 and F < 1.
With increasing of roughness, both D and F increase. The
total energy after wetting may be expressed as follows:

E = y,SL + yiS'2 + {yls - ys)Si

= iryA2G{G + H)

+ (G2 - H2)[F - D{\ - F)cos (4)

where ys, yu and yh are the interface energies among
solid-vapor, liquid-vapor, and liquid-solid; 0th is the
theoretical contact angle defined as cos 6th = (ys -

7is)/yi- The real contact angle 6 is given by the ge-
ometry of drop image: cos 6 = —H/G. Notice that the
liquid drop should be volume preserved, and therefore H

and G are functions of 6. If rough grooves of a surface
distribute radially, e.g., perpendicular to a wetting triple
line, the roughness parameters D and F can be treated as
a constant and the equilibrium state of wetting would
be achieved. Then the energy minimum condition of
dE/dd = 0 in the complete system can be applied to
Eq. (4), resulting in the following formula:

cos 0rad = D{1 - F)cos 6th ~ (5)

where 0ra(i indicates the contact angle affected by a radial
distribution of grooves. If F = 0, Eq. (5) reduces to
Wenzel's equation3 and if D = 1, it becomes Cassie
and Baxter's formula.6 It should be noticed that Eq. (5)
is valid provided the liquid spreads radially on radial
grooves of the surfaces.4 In the case of circular dis-
tributed grooves, the equilibrium state in the complete
system could not be attained and Eq. (5) would not be
met. Actually, the influence of rough grooves on contact
angles is effective only at the position of the wetting
triple line. This argument of geometry restriction has
not been mentioned in Wenzel's treatment.

Now we consider a rough groove having a cosine
profile with a Gaussian distribution of amplitudes as
described by Eq. (1). In the radial direction of a rough
groove, the surface profile does not change. If we place a
drop of liquid on this surface, the liquid may wet partly
into the cosine profile. The amount of wetted profile can
be calculated thermodynamically.

Let us deal with only one wave (one wavelength) of
the cosine profile. The energy per unit length of wetting

J. Mater. Res., Vol. 10, No. 8, Aug 1995 1987
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

2xA

FIG. 5. Energy variation with position x of wetting described by a
cosine wave at A/A = 0.8.

inside the wave is expressed as:

Eh = Liji + Lhyh - Llsys = (L, - L,s cos dlh)yi

(6)

where L/ is the area of unwetted liquid surface per unit
length in the cosine wave, L/s is the curve area of wetted
interface per unit length, and 0th is the theoretical contact
angle, bearing in mind that the energy Eh is only the
local energy inside a rough groove and is different from
the energy E in the complete energy as represented by
Eq (4). According to the geometry of cosine profile, Lis

and Ei can be expressed as follows:

Lls = 2

A/2

sm( — )j dx(

L, = 2x

(7a)

(7b)

Substitution of Eqs. (7) into Eq. (6), the dependence
of energy Eh on the position x is obtained. Figure 5
illustrates the energy variation with position x. It can
be noticed that there exist both a position of minimum
energy and a position of maximum energy at the high
contact angle curves (for 0 > 105°). The energy peak
is a barrier for de-wetting. Assuming that the groove
wave is relatively small, then the energy variation inside
the wave would not contribute to the total energy of
liquid drop during wetting. The minimum condition
dEh/dx = 0 can be applied to Eq (6), and the energy
minimum position x, of wetting triple line inside the
cosine curve has been derived as:

A \ ( A
— + — arcsm —— tg0th
2 2v \2TTA

(8)

where xt is a function of A and A as well as 0th-
According to the definition of roughness parameters D

FIG. 6. A cross section of a liquid drop wetted on a rough surface

of circularly distributed grooves.

and F, they can be represented in this case by

2PA

>o

A - 2xt Jx

X -^— Jl + —sin ~ dx dA

(9a)

(9b)

where PA is represented by Eq. (lb). In Eqs. (9), D

and F are not only a function of aA and A but also
a function of theoretical contact angle 9th. Therefore D

and F should be called surface roughness parameters
of wetting. Substitution of the expressions D and F

from Eqs. (9) into Eqs. (5), the dependence of contact
angle #rad on crA and A, i.e., on the ratio aA/'A, can be
evaluated. It should be noticed that this contact angle
#rad is the equilibrium part of the contact angle.

C. Wetting on circular grooves

If wetting on a surface of concentric grooves, in the
middle of which a liquid drop is placed as indicated in
Fig. 6, an equilibrium state would not be achieved. This
type of grooves contributes to the hysteresis behavior
of contact angles7: an advancing contact angle is larger
than a receding contact angle. A maximum advancing
contact angle 6^ measured from the image of a liquid
drop may be estimated as:

7 ad = 0th + = 0th + arctg
dx

(10)

where afmax is the maximum angle of the rough groove
and |dz/dx|max is the maximum slope. The minimum
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receding contact angle 6K is given by:

arctg
dz

~dx
(11)

The difference between 0ad and 6K is the maximum
possible value of the contact angle hysteresis. However,
in this wetting experiment, samples were first heated
up in order to melt the Al, then the Al liquid drop spread
in the advance direction. During cooling the liquid drop
was pinned and the contact angle preserved. Therefore
the advancing contact angles are more relevant for the
experimental contact angles. Thus we take only the
advancing contact angle in the later discussion.

In the case of the cosine surface profile with a Gauss-
ian distribution of amplitudes, the maximum advancing
contact angle can be derived from Eq. (10):

2PA X arctg

877" aA

dx

X dA = d,h + (12)

According to Eq. (12), the roughness parameter aA/A

always contributes to an increase of contact angle #ad,
which is different from the effect of roughness on 0rad.
As has been pointed out before, a practical rough surface
that influences contact angles can be represented by
a combination or radial grooves and circular grooves.
Therefore the real contact angle of a liquid drop wet-
ted on a rough surface will be between 0rad and #ad.
However, as 0ad is not the equilibrium angle and the
distribution of rough grooves may not be homogeneous,
then the experimental contact angles would be different
even on the same surface. In the case of wetting on
a randomly distributed rough surface, an average value
#ave taken from 0rad and 0ad could be more relevant to
the average value of experimental contact angles.

D. Calculation and discussion

The correlations among contact angle 6, surface
roughness Rr, and wavelength A have been evaluated
by the contribution of Eqs. (2), (5), (9), and (12). It is il-
lustrated in Fig. 7. Figure 8(a) represents the variation of
roughness Rr with stylus size r at different values of aA

and wavelength A = 4.915 yttm (sample Bl) calculated

Eq.(10)

Eq.(2)
+ X &

D, F
Eq.(5)

e l v e

Eq.(ll)

FIG. 7. Correlation between roughness parameters and contact angles

by Eqs. (2), (10), (11), and (5) in the model.

clX

(b)

FIG. 8. (a) Dependence of the surface roughness Rr on stylus size rat

various a A- (b) Dependence on the surface roughness Rr on the ratio

O"A/A at stylus sizes r = 2, 5, and 10 fxm. The figure was calculated

when A = 4.915 jum for sample Bl.

from Eq. (2). It can be seen that the roughness Rr varies
significantly with the stylus size r. Figure 8(b) represents
the dependence of roughness Rr on the ratio of crA/ X

(A =4.915 /mm of sample B) at various stylus sizes r =

2, 5, and 10 ^tm. Similar figures for other samples with
different A can also be plotted. Taking the experimental
roughness from Table I into Fig. 8(b), different values of
crA/A ratio at r = 2, 5, and 10 yu-m can be obtained. The
<rA/k values obtained from Fig. 8(b) are rather similar
to each other when r = 1 /^m and r = 5 /mm but differ
with r = 10 /mm. This is because if a stylus size r is
too large, most features of rough surfaces cannot be
characterized. Therefore average values of crA/X at r =

2 yttm and r = 5 yttm have been used in this study which
are represented in Table II for various specimens. In the
same table "real" roughness i?reai is also listed as based
on the calculation from Eq. (3), which is larger than the
experimental roughness Ra-
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TABLE II. Calculated results of roughness parameters.

At 900 °C At 975 °C

Samples

A0 received

Al ground

A2 polished

Bl ground

B2 polished

(TA/\

0.180

0.096

0.038

0.196

0.020

"Real" roughness

^real (/Ml)

0.589

0.256

0.054

0.488

0.022

0th (deg)

135

1 1 ^
1 1 J

D

1.109

1.070

1.015

1.232

1.004

F

0.405

0.936

1

0.947

1

0th (deg) D

85

82

1.231

1.079

1.015

1.264

1.004

0.2 -

105 120 135 150 165

a* (deg)

(a)

90

FIG. 9. (a, b) Dependence of the roughness parameters D and F on

the theoretical contact angle 9^ at various ratios of <TA/A.

180

(a)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

a/X

(b)

FIG. 10. (a) Dependence of contact angle #rad on theoretical contact

angle 0,j, at various ratios CTAI'A. (b) Variation of contact angle #rati

with crA/\ at different theoretical contact angles 0 th.

Figures 9(a) and 9(b) represent the dependence of
roughness parameters D and F on the ratios of crj \

when 0th > 90°, calculated from Eqs. (9). If 0th < 90°,
F = 0; i.e., the complete interface is wetted and D

will not be a function of #th- Figure 10 illustrates the
variation of contact angle 9ma with the theoretical con-
tact angle and crA/\ as calculated from Eq. (5). This

contact angle 6n& is attributed to the radial grooves. The
variation of 0rad with crA/X has a transition at 0th = 90°.
When 0th > 90°, 0rad increases with increasing rough-
ness parameter crA/\; when 0th < 90°, 0rad decreases
with increasing of aA/A.

Figure 11 illustrates the variation of average contact
angle 0ave with the roughness parameter crA/A at various

1990 J. Mater. Res., Vol. 10, No. 8, Aug 1995
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

o/\

FIG. 11. Variation of contact angle 0ave with <XA/A at different

theoretical contact angles p1^.

theoretical contact angle 6th, as calculated from the
combination of Eq. (5) and Eq. (12). According to this
figure, when 8lh is larger than about 70°, 0ave increases
with increasing <rA/A. However, if 0th is smaller than
about 70°, the variation of #ave with aA/ A is more
complex: when trA/A is small, #ave increases with in-
creasing of crA/A; when crA/A is large, 0ave decreases
with increasing crA/A. Therefore the theoretical contact
angle 6lh and roughness parameter aj A are the two key
factors to affect contact angles. An interesting example
has been reported by Busscher et al.15 In his experiment
the transition contact angle is about 73° (instead of 90° as
proposed from Wenzel's formula); i.e., with increasing
surface roughness, contact angles decrease when dth is
smaller that 73° and increases when 6lh is larger than 73°.
According to a current model, the deviation of transition
contact angle from 90° is induced by the combined
effects of radial grooves and circular grooves.

Assuming approximate theoretical contact angles
with polished samples, the roughness parameters D and
F can be calculated from Eqs. (9) which are listed
in Table II for various rough surfaces. The calculated
contacted angles (9rad, 0ad, and (9ave are represented in
Table III. For the sake of comparison, the experimental
contact angles #exp are also listed in Table III. In the
case of wetting at 975 °C, with increasing of surface

roughness, 0ave increases but 0rad decreases. Most of
the experimental contact angles 9exp lie between #rad

and #ad. There are a few exceptions which may be
caused by the measurement error of surface roughness.
0exp and #ave are rather close to each other except for
sample A0. This is due to the fact that the surface of
sample A0 is very rough and the rough grooves distribute
inhomogeneously. In conclusion, the model provides a
reasonably good estimate for the influence of surface
roughness on contact angles.

As contact angles were not measured in situ but
after cooling and solidification of samples, one might
have some doubts about the reliability of the contact
angle measurement. The following arguments support
the experimental results obtained: (i) According to
Fig. 6, which illustrates the energy variation with
position when wetting takes place into a rough groove,
energy peaks are present. These energy peaks may
obscure the de-wetting process. This is consistent with
the statement that once a surface is wetted it tends
to remain wetted.16 (ii) In these experiments contact
angles of liquid Al on AI2O3 measured after cooling and
solidification from 900 °C are significantly different
from those measured after cooling from 975 °C. It
indicates that de-wetting of liquid Al on A12O3 during
cooling is slow and might be neglected. Therefore the
experimental contact angles of liquid Al on AI2O3
measured after cooling and solidification of Al could
be a good representation of contact angles at higher
temperatures.

The last point for the discussion is the skewness
effect. A nonsymmetric distribution of height of a rough
surface is called skewness effect.14 By introducing two
different Gaussian distributions of height, a peak distri-
bution with a standard deviation of ap and a valley dis-
tribution of av, the skewness factor Sk can be expressed
as follows according to the skewness definition14:

0 z 3

crJ L J -ex. cr,
exp

7"
JO

exp
2ai/ A

TABLE III.

Samples

Comparison

0th

of contact angles of liquid Al on

Contact angle at 900

Prad Pad

rough surfaces

°C (deg)

Pave o

Of Al2

|
exp

o3
between

0th

experimental measurements and calculated

Contact

Prad

angle at 975 °C (deg)

0ad 0ave

results.

0exp

A0 received

Al ground

A2 polished

Bl ground

B2 polished

135

115

155.9
140.6

135.9

123.1

115.1

180.0
162.6

145.9

171.3

120.7

168
151.6

140.9

147.2

117.9

151.7
144.0

136.1

150.6,

116.2,

168.0

124.7

85

82

83.8
84.6

84.9

79.9

82.9

136.7
112.6

95.6

138.3

87.7

110.3
98.6

90.3

109.1

85.3

96.6, 98.6
89.7, 94.2

84.4, 87.6

87.3, 101.6

82.1, 86.3
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— — - 2 - (13)

where cr = (crp + crv)/2 is the total standard deviation
of the height. Upon substitutions of the experimental
values of Sk into Eq. (13), the ratio of crp/cr or av/a

can be calculated. Then two separate cosine profiles have
to be introduced in the model mentioned above: one for
the peak and another for the valley of a rough surface.
However in our experiments, the measured skewness
factors Sk of A12O3 surfaces are very small ranging from
-0.02 to 0.005 and the ratio of <rp/a or av/a is close
to one. Therefore the skewness effect to the wetting can
be neglected.

V. CONCLUSIONS

Surface roughness has a significant influence on the
experimentally determined contact angles of liquid Al on
A12O3. In this study of the effects of surface roughness
on contact angles, rough grooves can be categorized in
two types: radial and circular grooves in the middle of
which a liquid drop is placed. Any type of grooves on
a practical rough surface is a combination of these two
types of grooves. Accordingly a model to predict the
effects of surface roughness on contact angles has been
proposed. In this model rough grooves are assumed to
have a cosine surface profile with a Gaussian distribution
of amplitudes. In the comparison with the experimental
measurements, the model provides a good estimate for

the effects of surface roughness on contact angles of
liquid Al on A12O3.
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