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Abstract

An equation for the kinetics of partial drop spreading is proposed. This equation was empirically derived from experimental data for the
spreading kinetics of partially wetting liquids in terms of the wet area versus time. The equation has the form of an exponential power law
(EPL), and transforms into the well-known power law for complete wetting, when the equilibrium contact angle approaches zero. The EPL
fits very well available experimental data. To lend additional support to the validity of this generalized equation, it will be demonstrated that
when it is transformed to present the dynamic contact angle (DCA), it fits very well DCA experimental data for other wetting processes, such
as capillary flow and tape coating.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Drop spreading is one of the most studied wetting pro-
cesses from a fundamental point of view. In addition to DCA

Wetting of solid surfaces by liquids is a central process in studies, the kinetics of drop spreading has been investigated

many practical applicationgd—6]. Some examples include by following the time dependence of the wet (solid-liquid)

printing, painting, adhesion, lubrication and spraying on sur- area. An important motivation for this approach has been the

faces. Among the most common forms of wetting are spread- higher experimental accuracy in area measurements in com-

ing of a drop on a solid surface, penetration of liquids into parison with contact angle measurements. In terms of the wet

capillary pores, and tape coating processes. Although wettingarea, the kinetics afompletevetting (when the equilibrium

has been studied for many years, many fundamental prob-contact angle is zero) can be well correlated by a power law

lems are still open, especially those related to the motion [2—4,14,25-36]

kinetics of the contact line. A useful form of presentation of ;

contact line kinetics is the time or velocity dependence of A=Kt (1)

the dynamic contact angle (DCA), since the contact angle |, this equationA is the dimensionless drop base area, nor-
serves as a common denominator for studying the various ,5jized with respect tv%/3, whereV is the drop volumeK
wetting processes. The DCA has been correlated with the ;04 are empirical coefficients, andis the dimensionless
velocity of the contact line using a hydrodynamic approach time. defined as

[3,7—14] a molecular kinetics approaftb—18] a combined
hydrodynamic-molecular kinetics approdd9—-21] and an T
empirical approacf22—-24]

o
= 7MV1/3I (2)

Here,o is the surface tension of the liquig, its viscos-
* Corresponding author. Tel.: +972 4 829 3088; fax: +972 4 829 3088. ity, andt, the time. This dependence was developed on the-
E-mail addressmarmur@tx.technion.ac.il (A. Marmur). oretical groundq3,14,26—-33] and empirically confirmed
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[2,32,34-36] The theoretically predicted values of the power, Table1
n, in Eq. (1)are within the range of 0.2—0.28. Experimentally Physical properties of the liquids used for the drop spreading experiments

obtained values ofi are within the range of 0.2-0.29 with  Liquid Density  Viscosity Surface tension
some exceptional values of 0.066 and 0.7 (kg/m)  (Pas) (mN/m)
Regarding the kinetics gartial wetting of drops (when  Squalane (Aldrich, 99%) 809 34010°° 320
the equilibrium contact angle is higher than zero), no gener- Hexadecane (Fluka, 99%) 773 38710 27.0
Tetradecane (Fluka, 98%) 749 2.040°% 253

alization ofEqg. (1)to pa_lr_tial wetting has yet been reported Cycloheptanol (Fluka, 97%) 948 23a10-° 32.8

[8,13,28,35-39] In addition, there is a need for more ex- cyciooctanol (Fluka, 98%) 974 622103 409

perimental data for the kinetics of partial wetting of drops.

Therefore, the objectives of this paper are: (a) to present addi-

tional experimental data for partial wetting kinetics of drops, The solid surface was a hydrophobic, homogeneous,

in terms of the time dependence of the wet area, and (b) tomonolayer-coated silicon wafer. The monolayer was pre-

present a generalization of the power Id¥g. (1) for the pared with Dodecyltrichlorosilane (DTS) as follows:

partial wetting regime, and show its agreement with the ex-

perimental data. To lend additional support to the validity of 1. Rinsing the wafers in continuously renewed condensed

this generalized equation, it will be demonstrated thatwhenit  chloroform (Bio Lab, 99.9%) for 15 min.

is transformed to present the DCA, it fits very well DCA ex- 2. UV irradiating of the wafers under oxidizing ozone sur-

perimental data for other wetting processes, such as capillary  roundings for 15 min.

flow and tape coating. 3. Immersing the wafer in a solution that consists of 18 ml
Bicyclohexyl (Fluka, 99%) and 18I Dodecyltrichlorosi-
lane (Aldrich, 98%) for 1 h.

2. Experimental 4. Rinsing in continuously renewed condensed chloroform
for 15 min.

Fig. 1 shows the experimental system. The system was 5. Immersing in the Bicyclohexy! solution for 15 min.

very simple and consisted of a horizontal plate (1) onto which 6. Repeating steps 4 and 5 three times.

the tested solid surface (2) was placed. The liquid drop was -

placed on the solid surface using a syringe with a bent needle The coated silicone wafers were cleaned before the exper-

(3). The process of spreading of the drop on the solid sur- iments by rinsir_Ig in continuously renewed condensed chlo-

face was recorded using a high-speed video camera (Redlakgoform for 15 min.

model 2000 s), (4). The process was recorded as a sequence of 1he liquids used for the spreading studies and their phys-

frames (500 frames/s) using a frame grabber (Media Cyber-ical properties are listed ifiable 1 All the liquids partially

netics, Pro-Series Capture Kit). Out of all the grabbed frames wet the coated silicon wafer. The drop volume was measured

for each experiment, about 100 were selected and analyzed?y Weighing the dropimmediately after the spreading process

with an image analysis software (Media Cybernetics, Image Was f|n|sheq. Comparison of 'Fhe time needed for a meaning-

Pro Plus 4) to find out the drop base area as a function of time.ful evaporation of the drop with the time of the experiment

The time reading was taken and recorded by the camera. Thdevealed that there was no significant evaporation during the

room temperature was kept at 242 °C, and the relative hu- experiment. Therefore, the drop volume was considered con-

midity at 46+ 5%. Every experiment was repeated at least Stant throughout the spreading process.

three times, and the data presented below are the averages of

the repeated results. Data were considered acceptable only if

for three repetitions, the data for each time point differed by 3. Results and discussion

less than 10%.

Experimental data for the kinetics of partial drop spread-
ing are presented iRig. 2 The data are presented in terms of
the relative dimensionless wet argd4;, versust, where
4 A is the final, equilibrium value of the normalized wet
(solid—liquid) area. In addition to our experimental data,
d Fig. 2includes two sets of data from the literat{46,41]that
measured and reported the kinetics of partial drop spreading

in terms of the wet area.
|_1:I:u Based on the qualitative behavior of the experimental data
1 2 in Fig. 2 the following equation for the kinetics of partial drop
| spreading is suggested

A 1—exp<—fr”> 3)

Fig. 1. The experimental system. As f
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Fig. 2. Drop spreading kinetics of various liquids — relative dimensionless
wet area vs. dimensionless timdl)( Tetradecane,&) Hexadecane, &)
Squalane, x) Cycloheptanol, and (*) Cyclooctanol on a DTS coated sil-
icone wafer, [J) Polyisobutylene on Polytetraflouroethylefd@®], and ¢)
Ethylene glycol on hydrophobic gla§él]. The solid curves represent the
best fits ofEq. (3)to the experimental data.

This equation will be referred to below as the “exponen-
tial power law” (EPL). It is important to notice th&iqg. (3)
transforms intdeg. (1)for complete wetting. This is so, since
for complete wettingsy — oo; therefore, exp{Kt"/A;) ~
1-Kz"/A;. Consequently,

A — Kt"

Eq. (3)defines time zero at drop impact, when the wet area
is zero, but this time is not always accessible from an ex-
perimental point of view. Therefore, an additional empirical
parameterr,, was added, such that= texp + 7., Wherereyp

is the dimensionless time recorded by the camera from the

first frame at which the drop touches the solid surface. Thus,
in order to fitEq. (3)to experimental data, the valueskf

n, As, andzg have to be determined, under the constraint that
they all must be non-negative. The best fit€of (3)to the
sets of experimental datakig. 2are presented by the curves

in this figure. It can be seen that the agreement between the

EPL, Eqg. (3) and the experimental data is excellent. Values
of K, n, As, andz, are shown infable 2 along with the cor-
relation coefficientsR2. As shown in this table, the value of
R? for each line inFig. 2is larger than 0.999. The values of
n for partial wetting are found to be higher than for complete
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Fig. 3. The dependence of the paraméten Eq. (3)on the ratiou/o.

wetting. In generalTable 2shows a rough trend ofincreas-

ing with 6¢, however, more data are required to establish such
a correlation. The parametKris found to decrease linearly
with the ratiqu/o as shown byFig. 3. This dependence &

is reasonable, since it indicates that the kinetics is quicker as
the viscosity is lower and the surface tension is higher.

As mentioned irSection 1the common denominator for
all wetting processes is the DCA, which is usually correlated
with the capillary numbeCa= uv/o, wherevis the velocity
of the contact line. Therefore, it is useful to transform the
EPL, Eg. (3) into an expression for the dependence of the
DCA on Ca. The dimensionless wet area of the drop can be
easily expressed in terms of the contact arglby assuming
that the drop shape is a spherical cap

3

2/3
7(1 — cost)? (2 + cos@)}

The capillary number is derived froBxy. (3)by differentiat-

ing it to get the velocity of the contact line= dr/dt, where
r is the radius of the wet area

):l -1/2

®)

1 Kn n—lgy (—K n) {1 ox (—K "
-—F—=T —T - —T
2 A P\ 4 LA
In order to present the DCA versGs,the DCA is calculated
from Egs. (3) and (4)while Cais calculated fronEg. (5)

for the same value of. The abbreviation EPL-DCA will be
assigned to this form of presentatidiig. 4(thick full curves)

A= nsinze[ (4)

Ca =

Table 2

Parameters calculated by the best fit&€qgf (3)to drop spreading experimental data

Liquid Solid K n 7o AgIN?3 0e (degrees) 23
Tetradecane DTS 0.924 0647 Q931 5.75 30.5 0.9997
Hexadecane DTS 0.866 Q736 803 5.07 35.9 1
Squalane DTS 0.471 0699 413 4.49 41.5 0.9999
Cycloheptanol DTS 0.648 0618 296 3.67 53.5 0.9999
Cyclooctanol DTS 0.352 Q775 662 3.60 54.2 0.9999
PIB [40] PTFE 0.884 Q797 0 3.44 59.6 0.9998
Ethylene glycol41] Hydrophobic glass 066 Q964 0 3.05 61.5 0.9996

a DTS - Dodecyltrichlorosilane-coated silicon wafer.
b PIB — Polyisobutylene.
¢ PTFE - Polytetraflouroethylene.
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ment of the contact line motion, is
63 = 62 +9DCa (8)

whereD = In(L/s), L is the characteristic length of the system
ands, the slip length. The Shikhmurzaev equation is also
based on hydrodynamic principles, but, in addition, takes into
account the formation and disappearance of interfaces during
the movement of the contact line and the existence of surface
tension gradients in the neighborhood of the moving contact
line.

10 2| p5e+ Piao(Od) |

C0Sfy = COSHe — S —TF

(1 p3IA + p5e/ VA2 + 1]
Fig. 4. Drop spreading kinetics of various liquids — dimensionless dynamic h s dos th ilibri f d itv of th
contact angle vs. capillary number. The thick solid curves represent the W e.re'ole an P are the equil n_umlsur a?e ensity orthe
best fits of the EPL-DCA correlatiorEgjs. (3)—(5) to experimental data I!qu|d—gas |r!terface and the solid-liquid interface, respec-
for: (1) Ethylene glycol on hydrophobic glaptl], (2) Polyisobutylene on tively, ug(0q) is the tangential component of the free surface
Polytetraflouroethylen0]. Dashed curves £q. (7)for arange of values  velocity in a reference frame moving with the contact line. If
of B (0.3-1) andC (0.006-0.16). Thin solid curves -£q. (8)forarange of e influence of other boundaries on the flow in the vicinity

values ofD (2—-34). Thick dashed curves £¢g. (9)for a range of values of . .
5. (0.35-0.6) 05, (0.19-0.63) andfu(1.4-9). of the (_:ontact line can be neglected and the free surface is
approximately planar, then

(9)

shows the EPLEQ. (3) translated into the DCA versi@a uo(fg) = SIN 04 — 04 COS by

form. These curves were calculated for the data of Zjds3| Sin 64 cos 6 — 6

and Von Bahr et a[41], because they cover the largestrange V is the dimensionless contact line speed, which is related to
of Ca For clarity of the figure, only the theoretical curves Caby

are shown and not the raw experimental data (their excellent 12

agreementwas demonstrateéig. 2). The DCAis presented Ve=Yu -Ca . Yu— [ ot } (11)

as a dimensionless variable ’ wosy (1 — 4of)

63 — 63 wherert is the relaxation time of the surface propertig$,
= 3_¢3 (6) the solid-liquid surface density corresponding to zero surface
€ pressurey, a phenomenological coefficient of that interface
wheredy is the DCA ande, the equilibrium contact angle. anq(x andg are constants which characterize viscous prop-
This form of normalization was chosen in order to limit the €rties of the interface.

(10)

*

range ofg* to be from zero to one. The dependenceddn Fig. 4 also showsEqg. (7) (dashed curveskEq. (8) (thin

was chosen on the basis of previous theoretical correlationsfull curves), andeq. (9)(dashed bold curve) for a range of
[3,8,9] The values o were calculated from théy values, ~ Values of their paramete(8, C, D, pi, p3c andYu). Itis
usingEq. (4) Table 2also shows the values 6§ for all the clearly de_monstrated that the_Shlkhmurzaev equation may fit
drop spreading systems. the experimental data for a wide range of capillary numbers,

To compare the EPL-DCA curves with previous correla- @S do the EPLTDCA curves. Th_e Blake and_ Hynes equation
tions for the DCA, three frequently cited correlations, the and Cox equation may agree with the experimental data only
Blake and Haynes modE5], the Cox equatiof9], and the for low capillary numbers. At higher capillary numbers, the
Shikhmurzaev equatioji1,46]were used. These three cor- CUrves representing the experimental data have an inflection
relations have theoretical backgrounds: the Blake and Hayneg?0int, which is neither predicted Hyq. (7)nor by Eq. (8)

model[15] is based on a molecular kinetics description of the Putis predicted by the EPL-DCA correlation andiby. (9)
movement of the contact line It should be remembered, however, that the theories of Blake

and Hyneg15] and of Cox9] were developed to begin with
only for low capillary numbers.

To show that the EPL is useful for wetting processes in
general, experimental data for other wetting systems should
whereB = n'kT/o andC = 2fAulo. Here, is the number of be compared with the EPL-DCA correlation. First, compari-
adsorption sites per unit area of the solid surfictine Boltz- son is made with DCA data for flow in capillarig®2,43], as
mann constanfl, the absolute temperaturfethe frequency  shown inFig. 5a. The thick full curves represent the best fit
of molecular displacements in a static contact line, and  of the EPL-DCA correlationEgs. (3)—(5)to the experimen-
the average distance between adsorption sites.The equatiotal data.Table 3presents the parameters that yielded the best
of Cox[9], which was obtained from a hydrodynamic treat- fits and the corresponding correlation coefficients. As can be

coSfg = cosle — Bsinht (Cca> 7)



B. Lavi, A. Marmur / Colloids and Surfaces A: Physicochem. Eng. Aspects 250 (2004) 409-414

]
o 7
08 72
L ]
06 4
*GD
0.4
Y/
< V4
02F
03 . .
0.01 0.1 1 10
(a) Ca
*
10

Fig.5. Dimensionless dynamic contactangle vs. capillary number for flow in
glass capillariesf) Santicizer 40932], (#) Admex 760[32], (W) Silicone

oil [31]. (a) Thick solid curves and thick dashed curve — best fits of the EPL-
DCA correlation Egs. (3)—(5) andEq. (9) respectively, to the experimental
data; (b) dashed curves and thin, solid curves — best fiEgsf (7) and (8)
respectively, to the experimental data by the procedure described in the text.

seenirFig. 5a andTable 3 the EPL-DCA correlation fits very
well to the experimental data. The experimental data can be
also compared with the above-mentioned previous correla-
tions, Egs. (7)—(9) Fig. 5a also shows the good agreement
between the experimental data &gl (9) which gave values

of R? roughly equal to those obtain by the EPL-DCA fitting.
Fig. 5b shows the comparison &fgs. (7) and (8)o the ex-
perimental data. The qualitative behavior of the experimental
data at relatively higiCa is different than that predicted by
these equations; therefore, the fittingkxds. (7) and (8o

Table 3
Parameters calculated by the best fits of the EPL-DCA correlation to capillary
flow experimental data

Data source Liquid Solid EPL-DCA
K n Be R2
(degrees)
Hoffman[32] Santicizer 405 Glass 0.304 1.02 65.6 0.987
Hoffman[32] Admex 760 Glass 0.430 1.13 84.2 0.987
Fermigier &  Silicone oil Pyrex 0.719 0.751 26.0 0.991
Jenffer[31]

413

the experimental data was done by successively removing
experimental points for the high&wa, until the correlation
coefficient became roughly equal to the value achieved by
the EPL-DCA approach. IndeefHijg. 5b demonstrates that
the correspondence is very good only for relatively IO

Fig. 6a and b show various sets of experimental data for
tape wetting, either by bath drawifiy7,44,45]or by a liquid
curtain[46]. The fitting of the EPL-DCA correlation aritys.
(7)—(9) to the experimental data was done in the same way
as for the capillary flow data. The parameters that yielded
the best fits of the EPL-DCA to the experimental data are
shown inTable 4 The curves for the EPL-DCA correlation
and forEq. (9)are shown irFig. 6a. For the sake of clarity,
the correlations are presented only for four sets of data. It
can be concluded from this figure and frarable 4that the
EPL-DCA correlation fits very well also to the tape wetting
data, as doeBq. (9) The predictions oEgs. (7) and (8are
shown inFig. 6b. As before, they fit very well to the data for

10

10

Fig. 6. Dimensionless dynamic contact angle vs. capillary number for tape
wetting. @) Water on Polyethyleneterephtalate (PET) tfbg, (O) aque-

ous glycerol curtain on PET & = 3.76 cn¥/s [46], (¢) aqueous glycerol
curtain on PET a@ = 3.22 cni/s[46], (¢) aqueous glycerol curtain on PET
atQ = 1.88 cnt/s [46], (¢) aqueous glycerol on PET taf46], (o) castor

oil on gelatin-coated Polystyrene tapet], (J) Silicone oil 11l on Polyte-
traflouroethylene tappt5], (W) Silicone oil Ill on PS tapd45]. (a) Thick
solid curves and thick dashed curve — best fits of the EPL-DCA correlation
(Egs. (3)-(5) andEqg. (9) respectively, to the experimental data; (b) dashed
curves and thin, solid curves — best fitskifs. (7) and (8)respectively, to

the experimental data by the procedure described in the text.
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Table 4
Parameters calculated by the best fits of the EPL-DCA correlation to tape wetting experimental data
Data source Liquid Solid Wetting system EPL-DCA

K n fe (degrees) R?
Blake[17] Water PET Tape 0112 159 88.1 0.998
Blake et al[46] Aqueous glycerol PEXY Tape 0255 133 85.7 0.983
Blake et al[46] Agueous glycerol PET CurtainQ = 3.76 cnf/s 0273 153 115 0.986
Blake et al[46] Aqueous glycerol PET CurtainQ = 3.22 cnf/s 0262 170 116 0.960
Blake et al[46] Agueous glycerol PET CurtainQ = 1.88 cnf/s 0573 100 98.9 0.978
Gutoff et al.[44] Castor oil Gelatin coated PS Tape 0723 Q976 79.9 0.984
Strom et al[45] Silicone oil 1l P Tape 0822 Q709 34.5 0.990
Strom et al[45] Silicone oil Il PTFE Tape 0659 Q0810 29.9 0.991

a PET - Polyethyleneterephtalate.
b PS — Polystyrene.
¢ PTFE - Polytetraflouroethylene.

relatively lowCa, but cannot predict the inflection point that
is typical of the behavior at high&a.

In summary, the empirically derived exponential power

law predicts very well the kinetics of partial drop spreading.

[19] P.G. Petrov, J.G. Petrov, Langmuir 8 (7) (1992) 1762.

[20] M.J. de Ruijter, J. De Coninck, G. Oshanin, Langmuir 15 (1999)
2209.

[21] J.G. Petrov, J. Ralston, M. Schneemilch, R.A. Hynes, J. Phys. Chem.
B 107 (2003) 1634.

Moreover, the transformation of the EPL into a DCA Versus (2] m. Bracke, F. De Voeght, P. Joos, Prog. Colloid Polym. Sci. 79

Cacorrelation (EPL-DCA) fits very well DCA experimental

(1989) 142.

data for other wetting systems, such as capillary flow and [23] P. Van Remoortere, P. Joos, J. Colloid Interface Sci. 160 (1993) 387.

tape wetting. Most importantly, the EPL-DCA correlation

is successful at high as well as low capillary numbers. The 25]
EPL, and consequently its EPL-DCA derivative, is admittedly

[24] T.S. Jiang, S.G. Oh, J.C. Slattery, J. Colloid Interface Sci. 69 (1)
(1979) 74.
J. Lopez, C.A. Miller, E. Ruckenstein, J. Colloid Interface Sci. 56
(1976) 460.

empirical. It is hoped, however, that its remarkable success[26] L.H. Tanner, J. Phys. D 12 (1979) 1473.
in correlating experimental data for various wetting systems [27] G.F. Teletzke, H.T.L. Davis, E. Scriven, Chem. Eng. Commun. 55

will trigger work on its theoretical justification.
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