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The characteristic time of substrate plastic deformation due to surface tension forces of a liquid drop is
estimated. The equilibrium conditions of a drop of varying volume on the convex ledge formed due to the
deformation have been analyzed under account for partial relaxation of the elastic stresses. Contribution of
those stresses to the wetting angle hysteresis (about 3°) has been estimated and the hysteresis value has been
shown to increase for very small drops mainly due to reduction of the retreating angle caused by a strong
substrate deformation. The hysteresis contribution to the decrease in the observable wetting angle of microdrops
under evaporation attains significant values (about 10 to 16°).

[IponsBenena oOLEHKAa XapaKTepHOTO BpPEMEHH  IUIACTHYECKOH  aedopMaluy  IOUIOKKH  CHIIAMHU
ITOBEPXHOCTHOI'O HATSHKEHUS KUIKOM Karuiu. BeIMONHEH aHanu3 yClIOBUI paBHOBECHUS KAIlIM U3MEHSIOLIErOCs
obbemMa Ha oOpa3oBaBIIeMCs B pe3yiabrare JedopManuy BBIIYKJIOM paHTe, C YY4ETOM YacTUYHO
pellakCUpoBaBIINX YIPYTruxX HamnpsbkeHuil. IlpuBeneHa olleHKa UX BKJIaja B sIBIIEHHE TUCTEPE3HCa CMAaYMBAHUS
(~3°) 1 moka3zaHo, 4To JUIi Karejab OY€Hb MaJIoro pa3Mepa BEeIMYNHA THCTEPE3Nca YBEIHMIHBACTCS, B OCHOBHOM,
3a CUET YMEHbBIICHHUS yIia OTTEKaHWs, BHI3BAHHOI'O 3HAYMTENBHOH jaedopmarieil momioxkku. OTMedeHo, 4To
BKJIaJl TUCTEpPE3HCca B YMEHbIICHUE HAOII0JaeMOro KpacBoro yrila CMauMBaHUsI UCIIAPSIONINXCS MHUKPOKAIIeNb
JIOCTHTAeT CyIIeCTBeHHbIX 3HaueHui (10—16°).



Functional Materials 9, No.3 (2002)

© 2002

Wetting angle hysteresis in microdrops
A.A.Borodin, S. V.Dukarov*

Scientific Center for Physics and Technology,
1 Novgorodskaya St., 61145 Kharkiv, Ukraine
* V.Karazin Kharkiv National University,

4 Svobody Sq., 61077 Kharkiv, Ukraine

Received October 1, 2001

The characteristic time of substrate plastic deformation due to surface tension forces
of a liquid drop is estimated. The equilibrium conditions of a drop of varying volume on
the convex ledge formed due to the deformation have been analyzed under account for
partial relaxation of the elastic stresses. Contribution of those stresses to the wetting
angle hysteresis (about 3°) has been estimated and the hysteresis value has been shown to
increase for very small drops mainly due to reduction of the retreating angle caused by a
strong substrate deformation. The hysteresis contribution to the decrease in the observable
wetting angle of microdrops under evaporation attains significant values (about 10 to 16°).

TIpousBemena olieHKa XapaKTePHOr'o BPEeMEHM ILJIACTUYECKOHN mepopManvu HOANIOMKKHU CH-
JIaMH IIOBEePXHOCTHOTO HATAMKEHNs KUAKON Kaniau. BLinonHeH aHanus YCAOBUI paBHOBECUS
KalnIn H3MeHAIIerocad o0beMa Ha o0pasoBaBIIeMCsl B pesyjbTaTe Ae(OpMalMy BEIIYKJIOM
paHTe, ¢ YUeTOM YACTHYHO PeJaKCHPOBABIINX YIPYTrUX HampsxeHuil. IIpuBejena oleHKa UX
BKJAJA B #ABJIEHWEe rucrTepesuca cMaumsanma (~3°) U 1moKasaHO, UTO AJS Kalledp O4YeHb
MaJoro pasMepa BeJWYMHA THCTepesNca YBEIUYMBAETCH, B OCHOBHOM, 3a CUET YMEHBIEHUSA
yrila OTTeKaHH!s, BRISBAHHOIO 3HAYUTENLHOH gedopManueil momioxKu. OTMedyeHo, YTO BKIAL
THCTepe3yca B YMeHbIIEHHe HaGJI0ZaeMOro KPAEeBOrO yria CMAYMBAHUS HCHAPSIOIIUXCSH
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MUKPOKAIIeJh JOCTHUTAaeT CyHnieCTBeHHbIX 3Hauenmuit (~10-16°).

The specific surface energy of a small
particle is known to depend on its size. The
dimension dependence of the surface en-
ergy, o;, for a liquid phase can be revealed,
for example, by measurement of wetting
angle ( related to o; by the Young equation
as well as by considering the drop evapora-
tion process that for small drops occurs at a
rate proportional to exp(c;/r) [1, 2]. In this
case, the experimental points of the evapo-
ration curve show wave-like deviations from
a smooth dependence. In works aimed at the
direct wetting angle measurements, 8 vari-
ations about 10 to 15° are also observed
while the convolution and photometry meth-
ods used have an accuracy about 3 to 5° [2].
In both cases, it is just the wetting hyster-
esis that may be responsible for such devia-
tions. The essence of this phenomenon con-
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sists in that the wetting perimeter becomes
fixed, thus changing substantially the lig-
uid drop behavior in some circumstances,
e.g , during its evaporation. The purpose of
this work is to consider reasons for this
effect for microdroplets as well as to esti-
mate the wetting hysteresis effect on the
drop-substrate system parameters.

The wetting hysteresis was studied in
several works [3, 4] It is just the mi-
croscale irregularity and the substrate non-
uniformity that are believed to be main
causes of that effect [4]. Numerous assump-
tions used in those works, however, are in-
valid to microdropiets, e.g., the microir-
regularity height of about 1 25 um. In some
systems, the wetting perimeter fixation is
attained due to the mutual dissolution of
liquid and solid phases [4]. Nevertheless,
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the hysteresis can be observed also in sys-
tems where the mutual solubility is negli-
gible, e.g , AuU/C. Some authors [3] have
noted that a substrate may undergo plastic
deformation at high temperature due to the
surface tension forces. In this case, a con-
vex ledge is formed in the ternary contact
zone. Comparison of different mass transfer
mechanisms at short distances (about 1078 m)
allows to conclude on the decisive role of
surface diffusion. In the ternary contact re-
gion, the surface tension of the liquid
causes a local reduction of the chemical po-
tential App corresponding to the pressure
applied, App = —c;/t It is known also that
the chemical potential of atoms at a curved
surface includes an additive Aug=o0;, K
(o, is the specific surface energy of the
substrate-liquid interface; K, the curva-
ture).Thus, an energy-favorable equalizing
of the substrate chemical potential may
occur due to of its bending. Let the charac-
teristic time of such a deformation be esti-
mated. It follows from [5] that the deform-
ing rate is

au _ Dso¥ng 52 (1)
dt ~ kT 382

where Dg is the surface diffusion coeffi-
cient; ny, the surface concentration of the
substrate atoms; ®S, their volume. The
change of chemical potential p at the sur-
face S occurs mainly in the wetting perime-
ter region at distances of the order of the
ternary contact zone width that can be as-
sumed at a first approximation to be equal
to that of the liquid transition layer, <.

In the ideal case, the chemical potential
equalizing Ap = Aup + Apg =0 is attained
at the curvature K = (6;/0;,) x (1/7). It is to
note that the ;, value in the ternary contact
region must differ from its macroscopic value
and lie most likely between o;, and o,. Then
the ledge height h at the curvature K will
amount, e.g., 0.1 to 0.2 nm for a gold drop on
carbon substrate. Taking Dg ~ 10715 m2/s,
ET ~1.6:10720 J, ny ~ 1.5.1019 m~2,
1,710730 m3, 6, =1J/m2, © 10% m, we
obtain the characteristic deformation time

oS -

kT 13

t =h =~ 101 c.
Dsno(l)s (o7}

Thus, under account for the experiment
duration (usually 102 to 103 s), the ledge
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Fig., 1 Substrate post-deformation profile
calculated from (1) (a) and adopted in this
work to analyze the hysteresis (b).

can be concluded to be formed during the
drop observation even if the wetting pe-
rimeter jumps occur often enough. That is,
we can state that the drop itself gives rise
to the substrate microscale irregularities.
As an example, Fig. 1(a) presents a section
of the substrate calculated as the solution
of differential equation (1); the scale along
vertical axis is enlarged for illustrative
purpose. When considering the wetting hys-
teresis, the substrate profile will be as-
sumed to be of a shape shown in Fig 1(b).
The validity of that approximation is con-
firmed by comparison of Figs. 1(a) and 1(b).

The energy-favorable position is defined
by the minimum of the free energy func-
tional F-

F=61Sl+(GS—GS)SSl+W+PV+ H.N,

where S, Ssl are the interfaces of corre-

sponding phases at the approximation
a >> 1 adopted in this work, that is, when
the transition layer thickness is much
smaller than the wetting perimeter radius
a; those amount to S;=2na2/(1 + cosh),

Ssl = 2na2; W, energy of the substrate elas-

tic deformation. It is to note that in the
wetting perimeter region, its normal compo-
nent W, is essentially completely relaxed
under plastic deformation. The value W, is
defined in [6] as
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o] as1n26

3
W, =% (12+1n———)

n

Let us consider the change of the drop
free energy 8F when its volume change is
8V for two cases. at a constant wetting
angle 0 and at a constant wetting perimeter

a. It is just the more energy-favorable state
that will be realized.

8F| O=const
38, 9, Wwda
— — 0V
[Gl da + (o5 - GS) da - da oV *
+ P8V + udN;
oS, Ocos0
8F |, _ronst = Ol oosd o ~————38V + P8V + uSN

The partial derivatives of the interface
areas at the substrate shown in Fig 1(a)
can be determined as follows:

ds, = - a—f’i“o—zé)—zdcose +
+ 2ma [1 +2c:650 * sins(lenti- y)]
dSSl = 21ra§;ls—(i;—(jﬁda;
e 1= 2750
For elastic energy, it can be written as:
aw = Wn-z-‘%'-l = 2nac;oldal, (2)
3cls1n26

1
when o = (ln2 + ln—- - 2)

4
Other items 1nvolved in dW can be shown

to be 1/a order infinitesimal, so those are
neglected in this work. The derivatives
Oa/ 8V and dcos0/8V can be found from the

expression for the drop  volume:
V= na3 (1 — cosB)2(2 + cosd)
3 sin30
da 1 sin39
V ~ ma? (1 - cosB)2(2 + cosh)’
6cosG

pes “a3(1 ~ cos0)2sind.

The condition of the wetting perimeter
fixation is 8Fly_ponst > Flgcconst OF> under ac-
count for the above:
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cosfy sind sinf + ® < cos0,
sin(@ + B) sin(® + B)
. V<0 3)
cosby sing _ . Sinx ® < cosb,
sin(@ ~ o)  sin(® - «)
8V > 0. 4)

Here 0y is the equilibrium wetting angle

according to the Young equation, its dimen-
sional dependence is to be taken into ac-
count for small drops [1, 2].

The critical angles corresponding to Egs.
(8) and (4) are referred to as the retreating
angle 6, and the attracting one 0,, respec-

tively If the elastic deformation energy is
not accounted for, those angles take the ob-
vious values 0,=045+0a,8,=0¢—-p. It is
worth to note that the contribution of the
relaxed energy of elastic deformation attains
appreciable values, for example, for the Au/C
system  (o; ~1 J/m?, E ~ 41010 N/m?,
r ~ 10 nm), @ ~ 0.025 and at 8 ~ 120° the
corresponding difference 6, — 6, ~ 38°

Thus, if the drop volume varies, for ex-
ample, due to evaporation, its wetting pe-
rimeter remains unchanged while the condi-
tion (3) is valid, meanwhile, the wetting
angle reduces smoothly down to the critical
value 0,. Then a breakdown of the wetting

perimeter occurs and the drop takes the po-
sition corresponding to the Young value of
6. A new ledge is formed rather fast at the
new position of the wetting perimeter and
the process is repeated. It can be seen that
at a >> 1, both 6, and 6, depend only
slightly on the drop radius. So, for the Au/C
system, these angles are changed by 1° due
to the increasing elastic energy contribution
as the drop diameter grows from 20 to
1000 nm. The wetting hysteresis is illus-
trated by Fig 2 where the evaporation
curve of an Au drop is shown calculated as
the solution of equation for evaporating
particle under account for varying wetting
angle and the wetting perimeter jumps. The
points denote the experimental data [7].

A significant value of Laplacian pressure
in very small droplets (smaller than 10 nm)
results in that the elastic deformation has
the time to relax not only within the ter-
nary contact region but also immediately
under the drop. In this case, the substrate
profile will be of somewhat other shape:
together with the ledge along the drop pe-
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Fig. 2. Au drop evaporation curve under ac-

count for the wetting hysteresis. Points are
experimental data [7].

rimeter, a hollow may be formed under the
drop, thus causing an increased hysteresis.
Under these circumstances, the increase of
B — 0, difference exceeds substantially that

of the 6, — 65 one. Taking into account the

dimension-dependent diminution of the wet-
ting angle, it can be concluded that, e.g,
for the same AU/C system, the wetting angle
for small (2 to 5 nm) drops may attain 65
to 70° at 6, = 138° This statement is evi-

denced by dimension dependences of 6 — 0,

and 6y -0, (Fig 3) obtained by analyzing
Fig 2. It is seen from Fig. 3(b) that the
difference 0 — 6, for small drops attains

about 16° As a result, drops with a non-cir-
cular wetting perimeter (formed e.g by coa-
lescence) may be stable on a substrate. This
is due to that the drop may adhere partially
to the ledges formed prior to coalescence.

It is to note that, as is seen from Egs. (2)
and (3), (4), the contribution of the elastic
deformation energy is in proportion to the
drop surface tension o; and the ledge height
is also proportional to that quantity. Thus,
the hysteresis can be concluded to be sub-
stantially smaller for drops with a low o;-
In real circumstances, however, foreign
adatoms are present inevitably on the sub-
strate. For those atoms, once falling into

’
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Fig. 3. (a) Maximum 0 deviation from the
Young value; (b) 6 -6, difference for Au/C
system as a function of the drop radius.

the ternary contact zone, it is energy favor-
able to remain therein. Thus, the wetting
hysteresis is possible in such systems, too.
When considering the behavior of such mi-
crosystems, account is to be made for possi-
ble deviations of the wetting angle from the
Young value.

Authors thank sincerely Prof N T.Glad-
kikh for his constant attention to this work
and the fruitful discussion of results.
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