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ABSTRACT: Mineral-fouling induced corrosion and deterioration of marine vessels,
aircraft, and coastal structures is due in part from structural intrusion of crystals grown
from ocean-generated saline drops. As such, much work has explored surface
treatments that induce hydrophobicity or introduce barriers for antifouling and
corrosion prevention; however, the eﬃcacy of these strategies will be altered by the
underlying substrate texture. Here, we study the behavior of evaporating saline drops
on superhydrophobic and liquid-impregnated surfaces as a function of surface texture.
On superhydrophobic surfaces, four disparate regimes (which are not observed for
particle-laden drops) emerge as a function of the substrate solid fraction: Cassiepinning, Cassie-gliding, Cassie−Wenzel transition, and Wenzel. These regimes control
the morphology of the resultant crystal deposits. In contrast to the superhydrophobic
surfaces, spreading liquid-impregnated surfaces demonstrate minimal inﬂuence of solid
fraction on evaporative crystallization. The area, area localization, timescale of
evaporation, and deposit morphology are all normalized by the presence of the
lubricating layer, thus introducing an eﬃcient method of eliminating crystal “coﬀee rings” as well as reducing the potential for
fouling and corrosion.

■

INTRODUCTION

While there are parallels between evaporation of saline drops
and particle-laden drops, saline drops are somewhat more
complicated. Concentration gradients are formed at the air/
water interface as the volatile phase evaporates.16 This
heightened concentration combined with the predilection of
crystals to form at interfaces results in crystal formation at the
drop contact line.26 Crystallization at the contact line will pin
the drop and force a ring morphology even on surfaces that
would normally form a clumped deposit for particle-laden
systems.17,27 The evolution of the crystals will alter drop
pinning evaporation dynamics,28 surface adhesion,29 and the
ﬁnal form/size of the deposit. Therefore, eliminating coﬀee
rings for crystal deposits remains a challenge despite the many
approaches for eliminating coﬀee rings of colloidal deposits.
In this work, we explore crystallization from saline drops on
three classes of a substrate: (1) hydrophilic, (2) superhydrophobic, and (3) liquid impregnated (Figure 1). Contact
line pinning of drops on hydrophilic surfaces results in ringshaped crystal deposits (Figure 1A). In previous investigations,
both ring and condensed deposits have been observed on
hydrophobic surfaces.25,30 Ring patterns persist for gypsum
deposits even on hydrophobic surfaces,31 as the deposits
depend not only on solid−liquid interactions but also on
interactions between the salt and surface. 25,31 These

Evaporation of a particle-laden or saline drop on a substrate will
generally leave behind either a ring,1 a uniform deposit, or a
condensed deposit. Ring deposits result from evaporative ﬂow
depositing particles at the drop contact line. These ﬂows may
be used for nanoseparations2 or for self-assembly of
electronics3,4 and sensors.5−7 Condensed deposits are favored
for inkjet printing and result when particle deposition at the
contact line is somehow disrupted. Such disruption can occur
via addition of high-aspect-ratio particles,8 use of a superhydrophobic substrate,9,10 enhancement of the Marangoni
eﬀect,11 heating of the substrate,12 application of electric13 or
acoustic ﬁelds,14 or via addition of certain polymers.15−17
Beyond technical interest in self-assembly and sensing,
evaporative deposition from drops is pervasive and can lead
to material degradation. Rain drops, spray from fast vehicles on
wet roads, and ocean-generated aerosols are all examples in
which particles/solutes may be deposited on surfaces. Costs
associated with seaspray deposition run in billions of dollars18,19
and primarily result from gypsum (CaSO4·2H2O) formation on
concrete and metallic structures.20,21 Corrosion of structures
occurs via surface mineral-fouling, cracking (in which crystals
engrained in a crevice grow and apply pressure), and
delamination.20,22,23 This damage can sometimes be inhibited
using hydrophobic coatings,20,21 although such coatings face
challenges regarding their temporal stability, environmental
impacts,24 and performance.24,25
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Figure 1. Schematics and images showing pinning behavior of evaporating calcium sulfate solution on (A) hydrophilic silicon (B) superhydrophobic
microposts, and (C) a spreading liquid-impregnated surface (LIS). Images show the drops from both the top and side at three diﬀerent times: (left)
experiment initiation, (middle) shortly after crystallization has begun, and (right) end of evaporation.
surfaces were then rendered hydrophobic by coating them with
octadecyltrichlorosilane (OTS, from Sigma-Aldrich) using liquid
deposition by placing surfaces in 50 mL of toluene and adding 70
μL of OTS and 100 μL of DI water under sonication for 3 min. Any
excess silane was removed through 2 min of sonication in an acetone
bath, followed by additional rinses with acetone, IPA, and DI water.
Silicone oil with a viscosity of 100 cSt was impregnated in the surfaces
using a dipcoater (KSV Nima) to create the liquid-impregnated
surfaces (LISs) without an excess ﬁlm.38 Saturated calcium sulfate
solution was prepared by adding calcium sulfate dihydrate in excess to
DI water, mixing over a period of several days, and ﬁltering out
undissolved solids.
Experiments were conducted by placing the test substrate on top of
a plate heater maintained at 60 °C with a thin layer of thermal paste.
Droplets of 5 μL saturated calcium sulfate solution were deposited on
the substrate, and evaporation was recorded from both the top and
side of the drops. Throughout these tests, the surrounding air was
maintained at ambient conditions with a relative humidity range
between 22 and 45%. Evaporation rates were not signiﬁcantly
inﬂuenced by diﬀerences in relative humidity, as heating at the
substrate dominates the process (see the Supporting Information (SI)
for analysis). The drop temperature is near that of the substrate and
uniform, as the heat transfer timescale for 5 μL drops is between 5 and
10 s (see SI).39,40 Control experiments at room temperature
demonstrate that the elevated substrate/drop temperature does not
signiﬁcantly alter wetting regimes on the superhydrophobic surfaces
(see SI).
Each experiment was repeated three to six times per substrate.
High-resolution images of deposits were collected via a scanning
electron microscope (SEM, Zeiss Supra5). Experimental movies were
analyzed to ﬁnd: (1) the contact angle (θ) as a function of time, (2)
the initial contact area of the drop (Ao), (3) the evaporation time (tE),
and (4) the ﬁnal two-dimensional area of the crystal deposit (Ac).
Because pinning is essential for formation of ring-shaped deposits,11
the area localization of deposits is a good predictor for deposit
morphology. The area localization is deﬁned as the ratio between the
area covered by the ﬁnal crystal deposit and the initial contact area of
the drop (Ac/Ao). An area localization of ∼1 suggests pinning of the
contact line and therefore ring or uniform deposits, whereas smaller
values suggest condensed deposits. Because formation of rings suggest
pinning, ring deposits may be more strongly adhered to the surface;
whereas clumped deposits form from a lack of pinning and therefore
should be easier to remove.

interactions modify contact angle hysteresis of a surface, which
then alters the evaporative deposits.32 Superhydrophobic
surfaces reduce contact-line pinning and should force formation
of condensed deposits, as has been observed for colloids
(Figure 1B).33 However, we hypothesize that the formation of
crystals will alter this behavior.
One strategy to prevent contact-line pinning and disrupt ring
patterns is to use a liquid-impregnated surface (LIS, Figure 1C).
These surfaces have a thin layer of a lubricating ﬂuid
impregnated within textures and have been previously
demonstrated to minimize contact line pinning34 and eliminate
crystal fouling on surfaces.35 By minimizing nucleation sites and
adhesion between the burgeoning crystals and the solid
substrate, LIS should avoid ring formation even for crystal
deposits.
Here, we investigate evaporative gypsum crystallization from
drops on superhydrophobic and liquid-impregnated micropost
surfaces as a function of edge-to-edge post spacing, as a
previous work has shown that geometric parameters of the
posts have a strong inﬂuence on colloidal deposits.9 We ﬁnd
that the surfaces most eﬀective at preventing ring formation are
those with low contact angle hysteresis that also remain stable
in the Cassie state. We also validate the hypothesis that
lubricant impregnation (using a fully spreading lubricant) of the
micropost surfaces can suppress ring formation due to
minimization of surface pinning (Figure 1C).34,35 We conﬁrm
that lumped deposits form on the liquid-impregnated surfaces
for all micropost geometries and thus introduce a new strategy
for the disruption of ring formation from saline droplets.

■

MATERIALS AND METHODS

Photolithography using chrome masks (Advance Reproductions
Corporations) was used to create arrays of square (10 μm wide)
microposts with seven edge-to-edge post spacings: 5, 10, 25, 30, 40,
50, and 75 μm. The posts were etched to a height of 10 μm by reactive
ion etch (Surface Technology Systems Inductively Coupled Reactive
Ion Etch) at a pressure of 20 mTorr, rate of 500 nm/min, temperature
of 40 °C, and coil power of 1200 W.36,37 The photoresist was removed
using Piranha solution, and the samples were further cleaned with
acetone, isopropyl alcohol (IPA), and deionized (DI) water. The
B
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Figure 2. Evaporative crystallization on a hydrophilic silicon surface. (A) Progression of drop evaporation and crystal deposition. (B) SEM images
from one deposit, showing dendritic needle-shaped gypsum crystals in plane with the substrate.

■

RESULTS AND DISCUSSION
Evaporation of sessile drops can proceed in either constant
contact radius mode or in constant contact angle mode, with
the former occurring for drops that have pinned to the surface.
Evaporation on hydrophilic (θ = 24°) silicon occurs in constant
contact radius mode and results in the formation of ring-shaped
deposits (Figure 2A). Crystallization initiates near the threephase contact line approximately 10 s after drop deposition on
the heated surface. The solution is then observed to wick into
the precipitating crystals, further increasing the total footprint
(Ac/Ao = 1.09 ± 0.30) of the crystalline deposit. SEM images
(Figure 2B) reveal needle-shaped crystals (a common structure
for gypsum) oriented in the direction of the radial evaporative
ﬂow. These needles become thicker at the outer rim, likely due
to the dramatic increase in ﬂow velocity toward the end of
evaporation.41
On a superhydrophobic surface with minimal contact angle
hysteresis, sessile Cassie drop evaporation will generally occur
in constant contact angle mode where the contact line
continuously recedes, disrupting ring formation of colloidal
deposits.9 In contrast, we observed that evaporation of calcium
sulfate solution results in crystallization at the triple-phase
contact line, which can pin the contact line and change the
evaporative mode to constant contact radius mode. This is seen
in Figure 3A-i, which shows the progression of an evaporating
drop of calcium sulfate solution on a superhydrophobic surface
of 5 μm edge-to-edge spacing between posts (b5). The drop
pins due to formation of crystals so that the ﬁnal size of the
deposit is similar to the contact area of the droplet (Ac/Ao =
0.93) and a ring deposit forms. However, this pinning is not
observed for all of the micropost surfaces. Figure 3A-ii shows
evaporation on the b25 surface, in which the contact line
recedes before pinning occurs and more condensed deposits
(Ac/Ao = 0.68) result.
In total, four regimes are observed for evaporative
crystallization on superhydrophobic post surfaces. First, there
is the pinning regime where ring deposits form, as seen in the

case of the b5 surface (Figure 3A). As post spacing increases
(b10, b25, and b30), evaporation begins in a constant contact
angle mode, with the drop sliding over the posts to form
condensed deposits (Ac/Ao = 0.69 for b10, 0.68 for b25, and
0.74 for b30). In the third regime, drops are initially suspended
in the Cassie state but transition to the Wenzel state (Figure
3A-iii). This transition causes a double ring deposit (seen most
clearly on the b50 SEM image of Figure 3C) and a large area
localization (Ac/Ao = 1.5 for b40, 2.72 for b50). The fourth and
ﬁnal regime is observed in the case of the b75 surface, in which
drops evaporate in constant contact radius mode in the Wenzel
state to form a simple ring deposit.
The disparate crystal pattern regimes across the diﬀerent post
surfaces can be rationalized by diﬀerences in contact angle and
contact angle hysteresis. A surface with a large contact angle
hysteresis will evaporate in constant contact radius mode until
the contact angle reduces to the receding angle. A drop on a
low-hysteresis surface (with a receding angle similar to the
advancing angle) will begin receding shortly after onset of
evaporation. Hence, we predict that saline droplets evaporating
on a surface with a higher hysteresis will become pinned by
emerging crystals before receding begins. In contrast, drops on
low-hysteresis surfaces will recede before crystals can form and
pin the contact line.
For the micropost surfaces used here, the contact angle
hysteresis decreases with decreasing solid fraction while drops
are suspended in the Cassie state (Table S1, Supporting
Information).42 The b5 surface has the largest solid fraction and
highest contact angle hysteresis of the Cassie surfaces, resulting
in crystals pinning the contact line into the ring shape before
the drop begins to recede from evaporation. The b10, b25, and
b30 surfaces have lower hysteresis and recede signiﬁcantly prior
to crystallization, resulting in the clumped deposits observed in
the constant contact angle regime. Diﬀerences between the
deposit morphologies and individual crystal structures for these
surfaces (seen in SEM images for b10, b25, and b30 of Figure
C
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Figure 3. (A) Representative examples of evaporative crystallization on superhydrophobic micropost surfaces with edge-to-edge post spacing of (i) 5,
(ii) 25, and (iii) 50 μm. The images show the top and side views of drops at three diﬀerent time instants: (left) experiment initiation, (middle)
shortly after crystals at triple-phase contact line have pinned the drop, and (right) end of evaporation. (B) Contact angle as a function of time
throughout evaporation (until crystal deposits obscure measurements). (C) SEM images of crystalline deposits. Scale bars represent 100 μm.
D
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Figure 4. Comparing the b40 and b50 Cassie to Wenzel transitions for water to those for calcium sulfate solution. SEM images show crystal growth
on posts.

dynamics of this transition and the inﬂuence of crystallization,
control experiments using DI water were conducted (Figure 4,
see also the SI). For the DI water drops, evaporation of the 5
μL volume drops proceeds for 5.6 min on the b40 surface and
for 6 min on the b50 surface prior to transition. This is
contrasted by the evaporation of the 5 μL drops of saturated
calcium sulfate solution, which transition to the Wenzel state
after 2.7 min on the b40 and 1.6 min on the b50 surface.
Although one may expect this is due to a diﬀerence in surface
tension caused by the presence of solute, the low solubility
concentration of calcium sulfate does not result in signiﬁcant
deviations from the surface tension of DI water.31,46 Instead,
the enhancement in transition time is due to formation of
crystals (which are hydrophilic) within the texture, leading to
drop impalement, as opposed to the typical Laplace pressuredriven transitions for DI water. This phenomenon is conﬁrmed
by the existence of the interior ring of the “double ring”
structure of the b50 surface (see Figure 4), which provides clear
evidence that crystals form on the texture at the Cassie contact
line prior to impalement. The water will preferentially wet the
hydrophilic crystals at the air/water interface, causing a
decrease in the Cassie angle and a consequent transition to
the Wenzel state. Control experiments conﬁrm that the ratio of
the transition time to the total evaporation time remains
relatively constant at a range of temperatures for both water
(ttrans/tevap = 0.95) and calcium sulfate (ttrans/tevap = 0.66−0.77),
further demonstrating that transition is driven by supersaturation and precipitation, as opposed to pressure eﬀects
from evaporation (see Table S4 and Figure S3 in the SI).
Despite the promise of superhydrophobic post surfaces in
preventing formation of ring deposits, crystallization at the
surface still causes contact line pinning. Therefore, we
performed experiments using liquid-impregnated surfaces
(LISs) with the same micropost morphology as the superhydrophobic surfaces to reduce contact line pinning (Figure 5).
LISs are textured substrates impregnated with a liquid.34,47−49
These surfaces can eliminate crystallization on the textures by
reducing pinning of the drop to the surface. A system
composed of a drop on top of an LIS can exist in 12 possible
thermodynamic states dictated by the droplet, impregnating
lubricant, and texture.34 For stability, the lubricant−substrate
contact angle must be less than the critical angle θC = cos−1(1 −
φ)/(r − φ), where φ is the solid fraction and r is the substrate
roughness.38 The state of the lubricant impregnated within the
textures is dictated by the spreading coeﬃcient (SLS(W) = γSW −
γLS − γLW, where γ is interfacial energy between the phases) of
the lubricant (L) on the substrate (S) in the presence of the

3C) can be attributed to the inherent stochasticity of
crystallization.
As crystallization impacts the contact angle hysteresis, it also
changes the evaporation dynamics and total evaporation time as
a result. Figure 3B shows contact angle as a function of time,
with measurements terminated at the point at which the crystal
deposit became prominent enough that no contact angle could
be accurately determined. Moving from b5 (yellow line) to b40
(pink line), we see an increase in the initial contact angle with a
corresponding increase in the evaporation time. This trend is
due to high-contact-angle surfaces having a lowered rate of heat
transfer from the heated surface to the drops.42,43 However, the
trend is disrupted by the Cassie to Wenzel transition. The
transition on the b50 surface occurs much earlier than it does
on the b40 surface because of reduced stability of the Cassie
state on the b50 surface. The drop on the b50 surface
evaporates faster than the one on the b40 surface because it
spends more time in the Wenzel state, which has a higher rate
of heat transfer than that in the Cassie state.43
The dynamics of drop evaporation and formation of salt
crystals are interdependent. For example, we see that
evaporation time decreases due to the presence of the calcium
sulfate in water (see the SI for data). This result may seem at
odds with the known decrease in saturation vapor pressure of
evaporating saline water, but the saturation concentration of
calcium sulfate in water is low enough such that neither the
saturation vapor pressure nor the colligative properties of water
are strongly altered by its presence (see the SI). The change in
evaporation time here is instead caused by contact line pinning
due to crystallization, forcing the drop into constant radius
mode and thereby increasing the surface area and evaporation
rate. The overall deposit shape is readily explainable by the
contact angle, hysteresis, and presence/absence of the
transition. However, the morphologies of crystals are also
varied between the deposits, as seen in the SEM images of
Figure 3C. Faster evaporation concentrates salt rapidly and
increases supersaturation, which causes faster nucleation and
smaller crystals. In contrast, crystals grown from slower
processes at lower supersaturation levels will be larger and
exhibit fewer defects.44 This is qualitatively observed in Figure
3C, where deposits with slower evaporation times tend to have
large, leaﬂike crystals and fewer overall crystals, whereas
deposits formed by faster evaporation tend to have a larger
number of overall crystals, many of which are thin needles.
The transition from the Cassie to Wenzel state observed for
drops on the b40 and b50 surfaces is expected, as the Cassie
state is metastable for these surfaces.45 To further probe the
E
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Figure 5. (A) Progression of evaporative crystallization on liquid-impregnated surfaces of (i) b5, (ii) b25, and (iii) b50. Top and side view images are
shown for three time instants: (left) experiment onset, (middle) shortly after crystals become apparent, and (right) end of evaporation. (B) Contact
angle as a function of time for LISs, with measurements terminated after crystal deposits become too prominent for accurate measurement. (C) SEM
images showing crystal deposits on the diﬀerent LISs. Scale bar represents 100 μm and is the same for all images.
F
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Figure 6. Comparison of evaporation behavior on the (○) superhydrophobic and (●) liquid-impregnated surfaces as functions of substrate pitch.
(A) The total area of deposits; (B) area Localization, the ratio of the area of the ﬁnal crystal deposit to the initial footprint of the drop; (C) points of
pinning on Cassie superhydrophobic post surfaces with many small crystals: (i) crystals formed on b10 posts, (ii) crystals covering b5 posts, (iii)
crystals that have engulfed a b50 post, (iv) pinning crystals that have engulfed the top of a b10 post, and (v, vi) close up of crystals on b5 posts. Scale
bars represent 10 μm; (D) crystals left over after removing deposits from LISs as follow: (i) needlelike crystal that has fallen into the oil between
posts on a b25 surface, (ii) chunk of a crystal stuck between posts on b25, (iii) needlelike crystal deposited on top of b5 LIS posts, and (iv) large
leaﬂike crystal deposited on top of b25 posts. Scale bars represent 10 μm.

droplet (W). When SLS(W) > 0, the lubricant completely spreads
on the texture and creates a barrier between the drop and the
surface. When SLS(W) < 0, the tops of the texture remain
emerged and dictate the pinning of the droplet.34 On the basis
of previous results that have shown crystal formation atop the
textures on a nonspreading LIS (SLS(W) < 0), here, we focus on
spreading LIS (SLS(W) > 0).35 In addition, a thin layer of the oil
cloaks the droplet as the spreading coeﬃcient of oil on the
water droplet in the presence of air is positive (SLW(A) > 0, as
illustrated in the schematic of Figure 1C).
Figure 5A shows the progression of drop evaporation on
liquid-impregnated b5, b25, and b50 surfaces, respectively.
Unlike the superhydrophobic surfaces, disparate regimes are
not observed. Instead, drop evaporation occurs in near-constant
contact angle mode throughout the entire period of
evaporation on all surfaces with varying textures (Figure 5B).
The drops on LIS continue to shrink in size even after the ﬁrst
signs of crystallization are observed, in contrast to the drops on
superhydrophobic substrates that were pinned by emerging
crystals. Evidence of this lack of pinning is clear from the b25
LIS progression (Figure 5A-ii), where the drop has migrated
toward the top of the ﬁeld of view even while crystals begin to
form. Lack of contact line pinning results in a complete absence

of the ring-shaped structures observed on the hydrophilic and
superhydrophobic surfaces.
The lack of contact line pinning on LIS results in highly
condensed deposits, which are composed of relatively large
crystals (Figure 5C). We observe that oil can wick into the
crystal deposit, consistent with a previous investigation where
oil from LIS wicked into frost deposits.50 In the SEM images of
Figure 5C, this creates an appearance of “smoothness”, as the
sharp crystal formations are covered by oil wicked into the scale
deposit. The degree of oil migration into the crystals is dictated
by the relative balance between capillary wicking of the crystal
deposit and the underlying texture. Denser textures (b5, b10)
retain oil more readily when compared to sparser textures
(b30−b75).
In addition to the lack of dependence of deposit morphology
across diﬀerent texture regimes, LIS also reduces variations in
the timescale of evaporation (Figure 5B). Whereas superhydrophobic surfaces demonstrated disparate evaporation
timescales, evaporation on the LIS is nearly constant across
the surfaces.
The diﬀerences between evaporative deposition of crystals
on the superhydrophobic surfaces and LIS are reﬂected in the
overall deposit size (Figure 6A) and the area localization
G
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(Figure 6B) as a function of the substrate solid fraction. For the
superhydrophobic surfaces, the deposit area has a clear trend
with the texture dependent on the wetting state, whereas the
deposit area is independent of texture on LIS. The deposits on
the superhydrophobic surfaces in the “Cassie-gliding” regime
have contact area similar to that of the deposits on LIS;
however, the area localization is signiﬁcantly lower on the
liquid-impregnated surfaces due to constant contact angle
evaporation (Ac/Ao = 0.68 for superhydrophobic, 0.2 for LIS,
Figure 6B).
Figure 6C shows a variety of examples of pinning points
across diﬀerent superhydrophobic post surfaces. These pinning
points comprise of many small crystals, suggesting a large
amount of crystal nucleation in these areas. Crystal nucleation
occurs readily in the presence of surfaces containing
imperfections that can serve as nucleation sites or that can
lower the energy barrier for nucleation.51 Hydrophobic coatings
increase the energy barrier for nucleation at the surface, yet it is
clear that crystals are still able to ﬁnd nucleation sites on the
posts. This is contrasted by the deposits left behind on the LISs
(Figure 6D), where only large crystals that are not pinned to
the posts are observed. Because of the lubricating layer, these
large crystals were highly mobile and easily removed by rinsing
with saturated calcium sulfate solution.
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