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Statistical Physics Perspective on Droplet Spreading
in Reactive Wetting Interfaces
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Department of Physics, Bar-Ilan University, Ramat-Gan 52900, Israel; haimt@mail.biu.ac.il

Abstract: Droplet spreading is a fascinating phenomenon. Especially when the droplet spreads, reacts
and dissolves on and into metal substrates. This reactive wetting mainly occurs in high temperatures
with a vast number of applications in industry and material science. It is common to monitor and
study the process using a side-view projection of the droplet, focusing on the dynamics and shape of
its contact line [this issue]. However, when the spreading is monitored top-view, rich and non-trivial
spatio-temporal patterns are revealed during different stages of the process. These patterns call for a
different type of study of the perimeter of the entire droplet. Statistical physics is the natural
candidate to perform such tasks, using tools developed for the study of kinetic roughening of
advancing interfaces. In this review we demonstrate the use of these tools, the growth, roughness
and persistence exponents, to study the spreading of mercury droplets on metal-on-glass at room
temperature, which by itself is a unique experimental system at this range of temperatures. The
universality of the results is discussed in comparison with similar patterns of reactive wetting in high
temperatures.

Keywords: reactive-wetting; metal-on-glass; contact angle; surface tension; kinetic roughening;
growth; roughness; persistence

1. Introduction

Droplet spreading is a fascinating phenomenon [1-8]. The dynamics of droplet spreading is
traditionally described by the change in time of the droplet radius R(¢) and its contact angle &t) [9-
12] (See Figure 1). According to the well-known Tanner's Law [9], R(#) ~ t/1? and &t) ~ +%10 for a
spherical cap shape droplet. When gravity is non-negligible, Lopez et al. [10] showed that the radius
grows slightly faster, as t/%. Nevertheless, these dynamics laws deal with a side-view projection of the
spreading droplet in a classical wetting process. When other mechanisms are involved, e.g.
dissolution, compound formation, chemical reaction and more, the wetting is reactive [13-22]. No
theoretical prediction for the dynamic radius and contact angle are known. In turn, based on many
empirical results (see, e.g. [22]), it is commonly believed that in these cases the spreading is much
faster, behaving like R(t) ~ t for the radius. Such reactive wetting systems have many applications in
industry and material science.

In this review, we describe the dynamics of droplet spreading in reactive wetting interfaces as
obtained in a series of papers by our group [23-35]. Several aspects make our reactive wetting system
unique. Regarding the experimental system, A) It is metal on metal-on-glass; B) The spreading droplet
material is mercury [36]. C) The experiment is performed at room temperature. D) We follow the top-
view of the entire perimeter of the advancing droplet.

In this review, we describe the dynamics of droplet spreading in reactive wetting interfaces as
obtained in a series of papers by our group [23-35]. Several aspects make our reactive wetting system
unique. Regarding the experimental system, A) It is metal on metal-on-glass; B) The spreading droplet
material is mercury [36]. C) The experiment is performed at room temperature. D) We follow the top-
view of the entire perimeter of the advancing droplet.

In terms of data analysis, our study exploits statistical physics tools to identify the driving
mechanisms in the system. The statistical physics point of view enriches the insights into the droplet
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spreading process. The use of these tools has the advantage of universal applicability of the results
to other systems, materials, and experimental conditions such as high temperatures.

Dynamics of Wetting

Side view

Tanner’s Law
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Figure 1. Side view of the dynamics of wetting.
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2. The Experimental System and Methodology

The experimental system is described in detail in [23-26]. In short, silver (or gold) thin films of
various thicknesses (2000-60004) were evaporated, sputtered (or polished) on top of a glass substrate,
forming a metal-on-glass substrate. Mercury droplets (100-150um diameter) were deposited on this
substrate at room temperature (Figure 2). The spreading process was monitored top view using an
optical microscope equipped with DIC (Differential Interference Contrast) lenses and a CCD camera.
The top-view images have been translated into side-view profiles [26], based on the various colors
obtained using reflection-DIC light microscopy. The idea is that the object reflects light from different
points of its surface with different colors that are indicative of its surface slope at each point of the
mercury droplet. The measurements were taken in a diametric cross section of the droplet, parallel
to the beam-splitting direction.
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Ag (Au) Reactive-Wetting in Room Temperature

Ir ! Optical microscope + DIC
CCD Camera

Figure 2. The experimental system of liquid metal on solid metal-on-glass in room temperature under the optical

microscope.

Some typical snapshots are shown in Figure 3 for mercury spreading on top of a silver film
(4200A) on glass, taken at times t = 5, 10, and 15 seconds after the droplet deposition on the film.
These snapshots demonstrate that after several seconds the droplet perimeter changes from a
seemingly smooth curve into a roughened pattern. This reflects the two main regimes in the droplet
spreading process, "bulk spreading” and "kinetic roughening" as will be described below.

t=235,10, 15 sec Silver 4200A

¢=m Bulk Spreading

Kinetic Roughening

Figure 3. Typical snapshots of mercury spreading on silver film on glass. From bulk spreading to kinetic

-

roughening.

The top-view images are used to reconstruct the side-view profiles of the spreading droplet using
the technique described in detail in [26]. This is shown in Figure 4 for the same system, where the
vertical scale is stretched in the main graph in order to demonstrate the spherical cap shape of the
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advancing droplet. The bottom sketch is the real scale. Such reconstructed profiles are used to study
the spreading kinetics.

Silver 4200 A

=5.15, 25 sec

H (pum)

Figure 4. Side-view reconstruction of the droplet shape in the spreading dynamics of mercury droplet on silver
thin film. The bottom sketch is the real scale.

3. The Spreading Process

Using the reconstructed side-view shape profiles one can follow the details of the spreading
process of the reactive metal droplet on the metal-on-glass [30,31]. This was found to consist of several
consecutive sub-steps (Figure 5) in the "bulk spreading” regime prior to the "kinetic roughening"
regime, with a fast flow region in between.

I A | Droplet placement

) Spreading & reaction

«)

Touching the glass

—— f— > — 3 | Halo — fast flow

Final stage

Figure 5. Schematic sequence of mercury droplet spreading on thin silver films in room temperature. (a) Droplet
placement on the film. (b) Droplet bulk spreading and reacting with the underlying substrate. (c) Mercury
touching the glass. (d) Starting of the fast-flow regime, halo propagation. (e) Formation of a reaction band.

After placing the mercury droplet on the thin silver layer (a), the droplet starts to spread and
react (or dissolve) with the film (b). This "bulk spreading regime", is mainly controlled by chemical
reaction and diffusion both on top and inside the silver film. After crossing the entire film
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downwards, the mercury material touches the underlying glass substrate (c). This is a critical event,
as the film-glass interface enters the game and as a dominant player. At this very moment, a new
spreading regime, which we call the “fast-flow regime,” occurs abruptly. A new and thin front (500
A in height), which optically looks like a halo, detaches from the bulk (d) and flows ahead throughout
the entire film (e) with a much higher velocity (about two orders of magnitude faster). This is since
there is effectively no energy barrier at the Hg-glass interface and the fast flow at this interface can
easily lower the entire system energy. The fast-flow dynamics gives rise to the formation of a reaction
band on top of the mercury film surface (e), advancing with the average velocity of the bulk
propagation regime, and containing various chemical compositions and intermetallic phases [30,31].
This reaction band is where the "kinetic roughening" regime takes place. This will be discussed in
detail in the next section.

3.1. Bulk Spreading

In Figure 6, we show our empirical results for the parameters of the bulk spreading, the radius
R(t) and the angle &), for the data of Figure 4. Initially, the droplet radius grows linearly in time, R(t)
~ t, with a constant velocity, in this case 2.1 m/s, and the angle of contact &) decreases continuously.
At about t = 15 s, &t) demonstrates a sudden step in its decreasing trend. This is exactly the time
when the mercury crosses the entire silver layer for the first time and touches the underlying glass
(Figure 5¢c). We define this characteristic time as ts, where d is the thickness of the Ag layer. Hence the
step in the behavior of &) at ta is strongly thickness dependent. On the other hand, the velocity of the
bulk propagation was found to be approximately the same for all Ag thicknesses around 4200 A
(2000, 3000, 3500, 3800, 4200, 5000, and 6000 A), having the average value of 2.5+t0.4 m/s. It is
reasonable to assume that this velocity is material dependent, depending on the reaction of the mercury
droplet with the silver surface. This surface velocity is much higher (about two orders of magnitude)
than the mercury-silver reaction rate inside the silver film which is attenuated by diffusion [30]. The
constant velocity remains approximately the same also after ts, with a very slight variation at 4, the
time of the fast flow burst. The halo velocity at this regime is also constant, but its specific value is
expectedly thickness dependent. It is also important to point out that ts is also the time where the
kinetic roughening of the reaction band starts to show up (Figure 5e).

Silver 4200 A
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Figure 6. The dynamics of the droplet radius and contact angle in the bulk spreading regime.
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The bottom line is that the underlying glass plays a significant role in the transition of the system
behavior from bulk spreading to kinetic roughening. Hence, spreading of metal liquid on metal-on-
glass, which is one of the features of our system, is quite different from spreading of metal on metal.
The glass is more than just a platform.

3.2. Kinetic Roughening

In nonequilibrium surface and interface growth processes, kinetic roughening is the statistical
physics framework to follow the stochastic dynamics in the processes, which induce scaling laws for
the advancing interfaces with respect to time and length scales [37-47]. It is applicable to a large
variety of systems, such as tumor growth [48,49], bacterial and colonies [50-52], biological systems
[53], reaction-diffusion fronts [54], urban growth [55], urban skyline [56], forest fires [57], slow
combustion of paper [58], drying wet paper [59], paper wetting [60], thin film spreading [61,62],
magnetic flux fronts [63], viscous fingering [64] and more [65,66].

In Figure 7 we illustrate the top-view of an advancing interface, described by a function h(x,t),
for the horizontal "height" of the interface at position x at time t. The kinetic roughening properties
of an interface of length Lo are defined based on the fluctuations or the second moment of h(x,t). This
width function, W(L,t), is defined as

W?(L,t) =< h(x,t)’ >—<h(x,t)>2’ 1)

where the average is over all x values between 0 or the minimal length scale in the system (e.g. lattice
unit) up to half of the system size Lo/2. Family-Vicsek [44] assumed that the width behavior obeys a
scaling relation from which follows a dichotomic behavior,

th  t«t
WLt~ {L“ £t ?

with a and fSbeing the roughness and growth exponents, respectively, and to is given in terms of the
system size Lo as

to ~LO a/ﬁ (3)

Top View - Kinetic Roughening
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Figure 7. Kinetic roughening, Family-Vicsek scaling and the scaling exponents.
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At the beginning of the process, the interface width increases as t# . This continues up to time to
~ Lo”#, when the interface width saturates. At this saturation regime, the width behaves as L%, and
one can extract the interface roughness defined by the roughness exponent ¢, which is related to the
interface's autocorrelation. The growth exponent 3 describes the temporal dynamics of the interface,
while the roughness exponent o, which is measured after the interface width reaches saturation,
describes the geometric shape of its final stage. Based on these two exponents one can classify the
system into a certain universality class [40—-43] that may shed light on the fundamental mechanisms in
the process.

4. Scaling Exponents

4.1. The Roughness and Growth Exponents

In Figure 8 we show a typical set of kinetic roughening scaling exponents, obtained for a 2000 A
thick silver film evaporated on top of glass. The results are f = 0.46 £+ 0.02 for the growth exponent
and a = 0.76 for the roughness exponent. However, the experiments reveal another interesting
characteristic of the roughness exponent. Plotting this exponent as a function of distance (according
to Eq. 2) one obtains a crossover behavior from a = 0.76 at short distances to around a = 0.47 at
longer distances. This calls for a deeper look into the meaning of the roughness exponent which
reflects the inner correlations of the advancing interface [28,29].

When a > 0.5, there is a strong correlation between nearby interface points which tend to
progress in a similar manner, with a — 1 for a smooth interface. a = 0.5 describes a lack of
correlation (random walk), where every point on the interface moves randomly and independently
on the surroundings. a < 0.5 describes anticorrelations between the points. Hence, the crossover
behavior of ain Figure 8 from 0.76 to 0.47, represents a change of the correlation along the interface,
from a relatively strong correlation at short distances to a complete loss of correlation at long
distances. This is quite intuitive. The crossover occurs at some typical distance which is termed the
“correlation length” of the interface.

. log W)
Scaling Exponents
Silver 2000 A

M.

v

The growth exponent f§

’ logt
0.1 Slope =0.46 )”‘/-‘( g

T £ =0.46+0.02
by Eo
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o8 Slopel =0.76 J’A ’(1 =076 =0 47‘
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Figure 8. The scaling exponents o and B and the crossover behavior at the correlation length.
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This correlation length can be also extracted from temporal width fluctuations of the growing
interface in its growth regime. The fluctuated behavior results from competing mechanisms in the
growth process, the normal growth and the surface tension. This is discussed in detail in [28,29].

Regarding the classification of the system into a specific universality class, a common practice
in statistical physics, a possibly relevant universality classis a + a/f = 2, valid for isotropic systems
[40,41]. In Figure 9 we show some more examples of sets of exponents, obtained for a variety of thin
films in various thicknesses at room temperature, which show that this is not the case. While the
roughness exponent o seems to be always around 0.8 (at distances shorter than the correlation length)
for all cases, the growth exponent § is significantly different in each system.

This can be attributed to the very different substrate roughness (prior to the mercury droplet
deposition) resulting from different thicknesses and preparation conditions. It is also reflected in the
different correlation length for each case, as shown next to the table. It is assumed that these different
parameters affect the advancing interface growth process (hence the different growth exponent ),
while the roughness exponent « at the saturation regime of the process is more universal.

Summary of Results —

NOISE -
Room Tem pe rature Substrate Roughness
Material | Thickness o B Correlation

N\

2000A |/0.76%0.03 | 0.46+0.02

Silver

<
o0
[\
<

0.lmm 04/ 0.60£0.02

o
oo}
h
o=
=

1500A : 310.76+£0.03

1
Gold

3000A 08

N

0.04 | 1.00£0.04

oto/B=2 ?

Figure 9. Scaling exponents at room temperature, for various materials, thicknesses and preparation techniques.

4.2. The Persistence Exponent

The microscopic dynamics of the interface can also be described by another measure, the
persistence probability, defined as the probability that a stochastic variable will never cross some
reference level within a time interval ¢ [47]. In our system the stochastic variable is the location of the
interface point(s) along the interface line, and the reference level is the horizonal height h(x,t) at the
point location x at some initial time to (see Figure 10). It is then averaged over all points in a
computational method which is described in detail in Ref. [34]. This measure is considering local
microscopic fluctuations and is expected to reflect an additional statistical physics view on the
dynamics of the interface, complementing the more traditional growth exponent.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Persistence in Reactive-Wetting Interface
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Figure 10. Persistence in Reactive-Wetting Interfaces.

The persistence probability was shown to obey a power law decay (4) with a persistence
exponent 6 [47]

P(t)~t? (4)

In linear systems there is a simple relation between the two temporal measures, the growth and
the persistence exponents [47]

0=1-8 5)

Hence, in linear systems one can either measure the persistence exponent directly or indirectly
using the growth exponent f£.

What happens in a nonlinear system like reactive-wetting or droplet spreading ? In [34] we report
the direct persistence exponent results of the mercury droplet (150 um) spreading on silver (4000 A)-
on-glass at room temperature. We were able to identify several distinct kinetic time regimes in this
process. In the first one, while the interface (i.e. the contact line) is moving but its width is not yet
growing, the persistence exponentis 8 =0.55 + 0.05, which is typical for a random, noisy behaviour.
In the second regime, there is an effective growth of the interface width with a growth exponent 8 =
0.67 + 0.06 followed by a final regime of saturation, according to the Family-Vicsek description of
interface growth. The persistence exponent in this regime is 8 =0.37 + 0.05, which indicates that the
hyper scaling relation 8 =1 — f seems to hold even for this nonlinear experimental system. The
roughness exponent ¢, calculated at the end of the process according to Eq. (2) was found to be 0.83
+0.008 [32], in agreement with previous studies of this system [24,28,29].

4.3. The Big Picture

Using this insight, we can now look at the “big picture” of the spreading process in our system.
In Figure 11 we summarize the three sub-regimes in the kinetic roughening process of the interface —
noise (light green), non-linear growth (purple), and surface tension relaxation (light blue). The upper
curve shows the width of the interface W(t) as a function of time, starting with a region of noisy
constant width followed by regions of growth (with the growth exponent ) and then saturation
(where the roughness exponent a is measured) as in the inset of Figures 7 and 8 above. The lower
curve is the independent calculation of the complementary persistence curve, showing the random
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walk exponent —0.5 for the initial noisy region. The detailed calculation of the persistence exponent
in the other two regions requires a shift of the initial time, as is explained in detail in Ref. [34].

The snapshots presented on the right side of the figure are examples of the time evolution of the
interface at each of the three sub regions. One can see the significant increase of the width in the
purple growth region, compared with the constant (in time) width in both the preceding noise region
(light green) and the succeeding surface tension relaxation / saturation region (light blue).

Global interpretation

Surface
lension
Noise
re
g jw [pe P
ay. 48 ' Non- lnneor
e . growth rﬁ
o <w *E':?‘-m_;::- ey ey v v |
SR "ﬂ—¢..“.
)
P, log (¢t [sec])

Figure 11. Noise, non-linear growth and surface tension relaxation in the kinetic roughening process.

4.4. Universality — High Temperatures

Most of the spreading results in high-temperature reactive-wetting systems were obtained using
side view of the spreading droplet (see, e.g. [22]). One of the exceptions is a series of top view
experiments performed by Singler’s group at Binghamton [17,18,33]. They performed experiments of
Sn droplets spreading on a 1 ym coating of Au on Cu of thickness 12 um, deposited on glass, at
several high temperatures (390 °C). For detailed information on the experimental setup see Yin et al.
[17)).

The kinetic roughening patterns at high temperatures are shown in Figure 12. They are quite
similar to the room temperature patterns presented above. Analyzing the data in the same
methodology and plotting the interface width W as a function of time, one obtains the three typical
regimes of the interface dynamics [33]. It should be mentioned that in the high temperature system
there is an additional early and extremely short time regime in which the liquid spreads with no
discernible morphological or chemical change of the interface. This very early regime is undetectable
in the room temperature reactive-wetting experiment [33,34].

The persistence concept allows one to better understand and clearly define these regimes. The
dimensionless comparison of the three regions in the room temperature Hg—Ag system and the high
temperature Sn—Au/Cu system shown in Figure 13 speaks for itself.

This comparison allows one to compare quantitatively the similarity between reactive wetting
experiments of different materials in various thicknesses, as reflected by the kinetic roughening
exponents « and S (Figure 14). One can see that the growth exponent of the system under study, Sn—
Au/Cu, is very close to the growth exponent of Hg on thick Ag (second and forth lines). The value of
the roughness exponent « is usually around 0.8 with variation that can be caused by other effects,
like overhangs [32]. Therefore, it seems that the Sn—Au/Cu belongs to the same universality class as
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the Hg-Ag system. According to the value of the exponents, we conjecture that this could be the
QKPZ universality class whose exponents are f = 3/5 and « = 3/4 [40]. This conjecture should be
confirmed by additional experiments. The Hg—-Au system belongs to a different universality class;
however, it obeys the same hyper-scaling relation, as discussed in detail in [25].

Kinetic Roughening in High Temperature

Sn spreading on 1pum Au-coated 12um Cu ( Singler et al 2008)

340°C

390°C

Figure 12. Kinetic Roughening at High Temperature.

Universality of Kinetic Roughening

High T Room T
Sn-Au/Cu  ,,  Hg-Ag

W (um)

10 10"
t (sec) t(sec)
c)

10'
tr

Dimensionless comparison

Figure 13. Universality of kinetic roughening: High temperature vs room temperature. A dimensionless
comparison.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.0463.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 June 2025 d0i:10.20944/preprints202506.0463.v1

12 of 16

Quantitative Comparison
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J. Phys. Cond. Mat. 21, 464130 (2009).

Figure 14. High temperature vs room temperature: A quantitative Comparison.

4.5. Kinetic Roughening, the QKPZ Equation and the Ising Model

The natural question to be asked is whether there exists a well-defined model to describe the
interface dynamics of the reaction-diffusion system. In [32] we investigated two candidates for this
task, the QKPZ equation and the Ising chain model in zero temperature. The QKPZ is an explicit
equation for describing advancing interfaces, while a given configuration of the spins in an Ising
ferromagnetic 1d chain can be converted into a landscape, i.e. can be thought of as an interface. The
QKPZ equation was studied in the context of its kinetic roughening exponents, but not for its
persistence. The persistence exponent of the Ising model has been calculated, but the kinetic
roughening exponents of an Ising chain were not. For more details see Ref. [32].

In [32] we calculated for each model its persistence, growth and roughness exponents, and
compared them with the available experimental results in room temperature. The results are given
in Table 1. We found that none of these two models gives a complete description of the dynamics of
the experimental reactive-wetting system, but each one of them describes quantitatively some aspects
of the interface growth process.

Table 1. The persistence, growth and roughness exponents for reactive-wetting experiments, QKPZ and Ising

simulations.
Reactive-wetting QKPZ Ising
experiment simulations simulations
Persistence 0 0.37+£0.05 0.76+£0.006 0.38+0.0017
Growth b 0.67£0.06 0.61+0.02 0.29+0.017
Roughness a 0.83+0.008 0.72+0.02 0.92+0.012

We suggest that the behavior of our reactive-wetting system is dichotomic. While kinetic
roughening has to do with the collective behavior of the advancing interface, (allowing e.g. for
estimation of the lateral correlation length [28,29]), the microscopic persistence measure is much more
sensitive [47]. In the macroscopic scale, reflected by the growth exponent, the behavior of the system
is QKPZ like, but in the microscopic scale, reflected by the persistence exponent, the system shows
Ising-like behavior. This might be supported by the observation that local surface tension resembles
the neighboring interactions in the Ising chain, which are dominant for relatively small scales. In
larger scales, however, the non-linear growth of the interface is more profound, due to the chemical
interaction with the substrate. This growth is better described by the QKPZ equation. These
conjectures should be further substantiated
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The interpretation of the results for the roughness exponent « [32]is based on the observation
that in the final stages of the spreading process, the interface propagation is not necessarily
perpendicular only. This results in an overhangs geometry of the advancing interface which was
shown to affect the value of the roughness exponent.

4.6. Effect of Temperature on Kinetic Roughening Exponents

So far, we have described spreading experiments around room temperature. A reasonable
question is what is the effect of slight temperature variations around this temperature. To study
experimentally such possible effect, we have used a heating stage which allowed us to change the
temperature in a controlled manner in the range -15°C < T < 25°C . Higher temperatures are more
difficult to handle with respect to the mercury vapors. The spreading of a mercury droplet (~150 zam)
on a silver substrate (4000 A) at these temperatures was monitored using the optical microscope as in
the room temperature experiments. The full details can be found in [35].

First, we studied the temperature effect on the wetting dynamics (droplet radius and velocity).
We found that for all studied temperatures, the spreading radius R(t) grows linearly with time, R(t)
~ t, with the specific velocity value (the proportionality constant) depending on the specific
temperature. We also studied the temperature effect on the kinetic roughening properties of the
advancing interface (growth and roughness exponents). Our results [35] are that the growth exponent
pBincreases with temperature while the roughness exponent « is relatively constant for or all studied
temperatures, with a value around 0.8. In the literature, there are a variety of dependencies of kinetic
roughening exponents on temperature [35]. Our results show that it depends on the specific system.

In sum, the temperature does play a role in the behavior of reactive-wetting systems, not only in
very high temperatures, but also in lower, around room temperatures.

5. Summary

The spreading of a droplet on metal-on-glass is highly non-linear and very sensitive to minor
fluctuations. It's extremely difficult to construct a comprehensive model which fully describes it.
Alternatively, one can look at the top-view data of the dynamics and geometry of the horizontal
morphology of the advancing triple line. A statistical physics analysis of the common kinetic
roughening properties of similar systems can yield universal insights (Figure 15), allowing for a better
understanding of dynamical aspects of the process.

Top View — Reactive Wetting

Room Temperature High Temperature

t=35, 10, 15 sec Silver 4200A
¢mm Bulk Spreading

Kinetic Roughening

1.

Hg spreading on Sn spreading on
Ag on Glass 1pum Au-coated 12pum Cu
(Be’er et al 2007) (Singler et al 2008)

Figure 15. High temperature vs room temperature: A qualitative comparison.
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