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Reactive wetting of Hg–Ag system at room temperature
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bstract

We study the spreading characteristics of a reactive-wetting system of mercury (Hg) droplets on silver (Ag) films at room temperature. Using a
ecently developed method for reconstructing the dynamical three-dimensional shape of spreading droplets from a microscope top-view, we study
he time evolution of the droplet radius and its contact angle. We find that the process consists of two stages: (i) the “bulk propagation” regime,
ontrolled by chemical reaction on the surface, and (ii) the “fast flow” regime which occurs within the metal film as well as on the surface, and
onsists of both linear (in time) and diffusive propagation. The transition time between the two main time regimes depends solely on the thickness

f the Ag film. A final reaction band with an intermetallic compound Ag4Hg3 is formed in this process. We review our results for the kinetic
oughening characteristics of the top-viewed mercury–silver triple line, which is the statistical characterization of the morphology of the triple line,
xpressed in terms of the growth and roughness scaling exponents. The latter are used to determine the universality class of the system.

2008 Elsevier B.V. All rights reserved.
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. Introduction

The spreading of liquid droplets on solid surfaces [1–5] is
n important process in material science, optics and technology,
ith a diverse range of applications, e.g. soldering, typing and
ainting, gluing, condensation of droplets on solid substrates and
oating of glasses by photo-resist liquids in photo-lithography
rocesses. The classical wetting process is characterized in terms
f the droplet radius R(t), and the contact angle θ(t), between
he droplet and the underlying substrate (Fig. 1a). Theoreti-
al and experimental results for R(t) and θ(t) show that droplet
preading is usually very slow, with power-law scaling like Tan-
er’s Law, i.e. R(t) ∼ t1/10 and θ(t) ∼ t−3/10 [see Ref. [3] for a
eview].

When chemical reaction is involved in the wetting process
6–11], the spreading characteristics differ significantly from
lassical wetting systems. This is due to additional and differ-
nt mechanisms involved in the process. As a result, in such

eactive-wetting systems, R(t) and θ(t) do not obey a power law.

oreover, a single function cannot describe the full range of R(t)
nd θ(t), and their general behavior is a long-standing open ques-
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ion. Landry and Eustathopoulos [9–10], for example, studied
he dynamics of reactive-wetting of metallic drops on smooth
eramic surfaces. In their system, a linear spreading regime cor-
esponding to R(t) ∼ t was observed for an intermediate part of
he spreading process.

In this work we study the time evolving shape (radius and
ngle) of a mercury droplet spreading on a silver film. This
s an interesting example of reactive wetting, that of a room
emperature metal-metal/glass compound forming system. Our
esearch is different from traditional reactive-wetting studies
y several aspects. First the materials. These specific materials
mercury–silver), which are relevant, e.g. to dentistry [12–14],
ave not been studied before in the context of spreading pro-
esses. Second, since the mercury is one of the few metals
hich are liquid at room temperature, the experiment can be
erformed around this temperature, and can be easily observed
nd monitored using an optical microscope and a CCD cam-
ra, within relatively reasonable time scales (a few minutes). In
ddition, the use of the optical microscope enables us to obtain a
ynamical top-view of the process. This feature, combined with
ractal analysis concepts of interface growth statistics [15–20],

llows us to study the kinetic roughening properties of the triple
ine.

In order to study the time evolving shape (radius and angle)
f the spreading droplet from the two-dimensional top-view

mailto:haimt@mail.biu.ac.il
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ig. 1. Schematic sequence of mercury droplet spreading on thin silver films
eaction with the underlying substrate. (c) Mercury touching the glass. (d) Start

mages, we used our newly developed experimental method
21], which is based on differential interference contrast (DIC)
icroscopy. The two-dimensional images provided by the

ptical microscope consist of different colors, which indicate
ifferent slopes in the specimen structure. The color spectrum is
alibrated so that each color corresponds to a specific slope/angle
f the mercury droplet. It enables one to reconstruct the dynam-
cal three dimensional (3D) structure of tiny (>1 pL), opaque
nd transparent droplets, with high temporal (0.04 s) and spatial
1 �m) resolution and with an angle resolution of 1◦.

The paper is organized as follows. In Section 2 we describe
he experimental procedure. In Section 3 we describe the results
or the reactive wetting of the droplet bulk. We show that it
onsists of several time regimes. Initially, the droplet radius
rows linearly and the contact angle decreases. This is fol-
owed by a fast-flow regime of a precursor-like motion, after

typical crossover time which depends on the thickness of the
nderlying silver substrate. The fast-flow regime consists of two
ub-regimes, a linear propagation [7], with a velocity signif-
cantly higher than that of the bulk, which crosses over to a

c
p
t
f

m temperature. (a) Droplet placement on the film. (b) Droplet spreading and
the fast-flow regime, halo propagation. (e) Final spreading stage.

eemingly diffusive motion at the final stages of the process
8,11]. This may be due to different mechanisms, reaction and
iffusion, each is dominant in a different sub-region. This part
f the paper is based on [22]. In Section 4 we characterize the
ntermetallic compound forming the reaction band, and in Sec-
ion 5 we present the fractal analysis of the top-view images of
he triple line, based on papers [15–20]. Section 6 is a summary.

. Experimental procedure

The production of smooth, uniform and stable thin metal lay-
rs is crucial for successful and reproducible experiments. The
g (granules 99.99% Chempur) thin films in various thicknesses

200, 300, 350, 380, 420, 500 and 600 nm) were deposited on
icroscope slides in a slow rate of 0.5 nm/s using standard ther-
al vacuum deposition. The slides were held in the vacuum
hamber at room temperature (no cold finger was used), and the
ressure during the evaporation reached 6 × 10−7 mbar. Prior to
he evaporation, the microscope slides were washed with dif-
erent solvents – acetone, methanol and isopropanol – each for
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Fig. 2. (a)–(c) Top-view DIC-light-microscopy pictures of Hg droplet spreading on a 420 nm in thickness Ag film, taken at times 5, 10 and 15 s, respectively. The
s m. T
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cale bar is 50 �m, and the droplet initial diameter, prior to deposition, is 150 �

arallel to the beam-splitting direction, shown in (a). A typical color-slope calib
rom the top-view pictures (a)–(c).

min, using an ultrasonic agitating bath, following by a gen-
le stream of nitrogen to eliminate the remains of the solvents.
he silver was deposited on the microscope slides with no initial
eposition of a chromium adhesion layer; no adhesion problems
ere noted.
Shortly after the evaporation, Hg droplets with initial diam-

ters of 150 �m were carried with a plastic sharp needle,
nd were placed gently on top of the silver. The droplets
ere not pushed to the surface but approached the surface
ntil it pulled the droplet by the surface tension forces. The
preading process was monitored using an optical microscope
Axioskop, ZEISS) at room temperature, and was recorded
sing a high-resolution 3CCD camera. This experiment involves
hemical reactions between the solid and the liquid, which
reate intermetallic compounds such as Ag3Hg4 and Ag4Hg3
12]. The bulk propagation (side-view) was analyzed from the
op-view images using the new method. In addition, the propa-
ating triple line (top-view) has been digitized and analyzed in
rder to study its statistical kinetic roughening properties (see
ection 5).

. Bulk and halo propagation
The first stage of the process, the “bulk propagation” regime,
asts for several seconds, depending on the thickness of the Ag
lm. In this regime, upon placing the droplet on the Ag layer
Fig. 1a), the mercury bulk starts to spread, circularly symmet-

c
e
i
t

he measurements were taken in a given diametric cross-section of the droplet,
n is shown on (b). (d) Dynamical side-view of the droplet shape, reconstructed

ic, with a smooth contour line (Fig. 1b). In Fig. 2 we show
rames taken from an experiment with silver thickness 420 nm.
he colors indicate different slopes in the specimen, as is shown

n Fig. 2b. The colors evolution with time indicates the dynamic
D changes. The top-view light-microscope pictures were trans-
ormed into projected side-views using the above-mentioned
echnique. The resulting droplet shape reconstruction is plotted
n Fig. 2d.

In Fig. 3, we show the results for the radius R(t) and the angle
(t) for the data of Fig. 2. Initially, the droplet radius grows
inearly, R(t) ∼ t, implying a motion of constant velocity, in this
ase of 2.1 �m/s (Fig. 3a), and the angle of contact θ(t) decreases
ontinuously (Fig. 3b). At about t = 15 s, θ(t) demonstrates a
udden step in its decreasing trend. As will be shown later, this
s the time when the mercury crossed for the first time the entire
ilver layer, and touched the underlying glass (Fig. 1c). Hence
e define this characteristic time as td, where d is the thickness
f the Ag layer. The constant velocity remains approximately
he same, with a very slight variation at td.

Interestingly, the velocity of the bulk propagation is approx-
mately the same for all Ag thicknesses studied, having the
verage value of 2.5 ± 0.4 �m/s. It is reasonable to assume that
he velocity does depend, however, on the reaction of the mer-

ury with the silver surface. Indeed, when the silver film is
xposed to air prior to the mercury spreading process, the veloc-
ty is different, since silver oxidation takes place only on top of
he Ag layer [15,19]. It turns out that this surface velocity is much
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Fig. 3. (a) The radius R(t), and (b) the angle θ(t), as a function of time, for the
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Fig. 4. A top-view, DIC-light-microscopy image of the thin front, which
detaches from the bulk and looks like a halo, for Ag thickness of 200 nm. Since
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spreading process is slowing down. In the first, linear, reaction-
dominated regime, the thickness-dependent velocity is constant,
having the values 140, 110 and 40 �m/s, for the 200, 420 and

Fig. 5. The propagation of the halo for three different Ag thicknesses. For each
ulk propagation regime, for silver thickness of 420 nm. The triple line constant
elocity is 2.1 �m/s. At td = 15 s, θ(t) demonstrates a sudden step in its
ecreasing trend.

igher (about two orders of magnitude) than the mercury–silver
eaction rate inside the silver film. For example, in the 420 nm
ystem, since the mercury crosses the silver thickness in 15 s,
he averaged perpendicular velocity is 420 nm/15 s = 28 nm/s,
hich is two orders of magnitude smaller than the horizontal
elocity 2.1 �m/s. A possible interpretation is that the reaction
nside the film is attenuated by another physical mechanism,
ossibly diffusion. Indeed, the square dependence of td on the
hickness d [22] supports a diffusion-limited reaction process.

oreover, Lee et al. [13] studied the average interdiffusion
oefficient of the gamma phase in the silver–mercury contact
eaction, in temperatures slightly above room temperature. They
ound the interdiffusion coefficient D to be of order 10−14 m2/s,
hich agrees with diffusion through 420 nm in 15 s, according

o D ∼ (420 nm)2/15 s.

The bulk propagation regime does not terminate at td, but

ather extends further in time. However, td is the time when
nother regime, the “fast flow dynamics”, shows up. In this
egime a new and thin front (∼50 nm in height, verified by

t
v
4
b
t

his image was taken only 7 TV frames (∼0.3 s) after the detachment, L(τ) is still
uite small, compared to R(t). The bulk advancement during this time interval
s negligible.

tomic force microscope (AFM)), which optically looks like
halo, detaches from the bulk and flows ahead with a much

igher velocity (Fig. 4). We define the propagation distance
f this halo as L(τ) ≡ R(t) − R(td), where R(t) and R(td) are
he distances from the center of the droplet at times t and
d, respectively, and τ ≡ t − td (see Fig. 1d and e). We found
hat L(τ) exhibits a crossover behavior in time (Fig. 5), start-
ng from a linear regime L(τ) ∼ τ at the earlier times (on the

scale), followed by a τ0.4 behavior at later times, when the
hickness, τ is set to be 0 at a different time, depending on the specific td. The
alues of the velocities at the earlier times are 140, 110 and 40 �m/s, for the 200,
20 and 600 nm thicknesses, respectively. For all cases L(τ) exhibits a crossover
ehavior in time, starting from a linear regime L(τ) ∼ τ at the earlier times (on
he τ scale), followed by a τ0.4 behavior at later times.
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lier stages of the process [18]. Another theoretical work on fluid
invasion model shows a possible theoretical relation between
the roughness exponent and the wetting properties of the system
[26].

Table 1
Summary of roughness and growth exponents

Material Thickness α β
06 A. Be’er et al. / Materials Science

00 nm thicknesses, respectively. The second regime seems to
e diffusion-dominated, with the same time exponent (0.4) for
ll silver thicknesses (Fig. 5), although the prefactor is different
or each case. Similar crossover behaviors between reaction-
ominated and diffusion-dominated processes on the surface
ere reported in Refs. [8,11]. The exponent 0.4 is slightly far

rom the time exponent 0.5 in standard diffusion, but may still
epresent a diffusion regime (see also Fig. 7 in Ref. [8]). Alter-
atively it may reflect a subdiffusive motion (time exponent
ess than 0.5) whose origin is yet to be studied. The velocity of
he halo propagation was found to be significantly higher (1–2
rders of magnitude) than the velocity in the bulk-spreading
egime.

The fact that the formation of the faster thin layer that flows
head of the nominal contact line depends on the Ag thickness,
eads us to assume that the glass beneath the Ag film is an impor-
ant factor in the fast-flow regime. Therefore, we looked at the
g film from the bottom (the glass slide side). We found that

he observed thin Hg layer runs also between the silver and the
lass (beneath the silver) in the same structure and velocity that
t apparently runs on top [22]. This is sketched in Fig. 1d and e,
here the reaction is all over the thin film.
Surprisingly, the time it takes the droplet to cross the Ag layer

own to the glass is exactly td. This suggests that the formation
f the new front and the sudden step in θ(t) are related to the
roplet crossing the Ag layer and touching the glass. As the
roplet reaches the glass it is not constrained anymore by the
urface reaction, because no reaction exists between the Hg and
he glass. Consequently, it flows fast through the Ag layer in
rder to lower the entire system energy. This observation can
xplain the thickness dependence of the halo velocity at this
ime regime (Fig. 5).

. Reaction band – intermetallic compound

The fast-flow dynamics gives rise to the formation of a
eaction band [8–10], which starts within the fast flow time
egime. This band was observed only on the top surface (see
ig. 1e) but not from the bottom view. This band is apparently
ue to the growth of a new intermetallic phase on top of the
lm. Scanning electron microscopy (SEM) studies [15] suggest

hat the new intermetallic compound is Ag4Hg3. It grows in
structure of islands that can be explained by nucleation and

rowth mechanisms. The average growth velocity in the spread-
ng direction was found to be that of the bulk propagation, i.e.
.5 �m/s.

. Kinetic roughening

The kinetic roughening of the Hg–Ag triple line (see, e.g.
ig. 2c), was studied in a series of recent papers [15–20]. It is

ased on defining a statistical, effective width, for the contact
ine, as seen by the top-view of the optical microscope (see
ig. 6). This width, which is just the second moment of the front
osition h(x,t) (x is the location on a segment of length L on the

S

G

ig. 6. A schematic sketch of the definition of the statistical width W of a contact
ine, as the second moment of the front position h(x,t), for a given time.

riple line, and t is the time),

2(L, t) = 〈
h2(x, t)

〉 − 〈
h(x, t)

〉2 (1)

beys an algebraic scaling law,

∼
{

tβ t � to

Lα t � to
(2)

ith two scaling exponents, α, the roughness exponent and β,
he growth exponent. The crossover time to between the two
egions is related to the lateral correlation length of the interface
ine, a length within which a collective motion of the triple line
an be assumed. This approach allows one to attribute a sta-
istical universality class to this system. This idea is used for a
ide spectrum of interfacial phenomena, ranging, e.g. from slow

ombustion of paper [23] to penetrating flux fronts in high-Tc
hin film superconductors [24].

In order to determine the roughness and growth exponents,
ne has to digitize and statistically analyze the propagating con-
act line. We found the exponents to depend on the materials
different exponents for gold films), as well as on the surface
ubstrate (films prepared by other techniques) (see Table 1). For
xample, AFM studies (Fig. 7) show that gold surface is much
moother than silver surface. As a result, the exponents for gold
re much larger. In this sense each system belongs to a differ-
nt universality class. However, it turns out that that all these
ystems obey the scaling relation α + α/β = 2, expected to be
alid for isotropic systems. As other possible scaling relations
etween α and β were also predicted (e.g. α/β = 2, or α = β,
tc.), this seems to be a new tool for classifying reactive-wetting
ystems according to the top-view data (see, e.g. the top-view
mages for high temperature wetting in the Au–Sn system [25]).

Using this statistical approach, we recently suggested a new
ethod for extracting the correlation length of the contact line

rom the width fluctuations of a single interface at relatively ear-
ilver 200 nm 0.66 ± 0.03 0.46 ± 0.02
0.1 mm 0.77 ± 0.04 0.60 ± 0.02

old 150 nm 0.88 ± 0.03 0.76 ± 0.03
300 nm 0.96 ± 0.04 1.00 ± 0.04
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. Summary

In this work we studied the spreading of a mercury droplet on
thin silver film in room temperature, using a new, time-resolved
ptical method. We analyzed the various time regimes of this
eactive-wetting system through the time evolution of the radius
nd the contact angle of the droplet. We observed a remarkable
apid halo propagation, which was observed not only from a top-
iew but also from a bottom view. This propagation eventually
rosses over to diffusive-like growth, due to surface diffusion
ominancy at the final stages of the reactive-wetting. We also

iscussed the statistical aspects of the kinetic roughening of the
ercury–silver triple line. This may prove to be an effective

robe of the physico-chemical dynamics of the wetting region
lso in high temperature systems.
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