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Abstract: The corrosion behavior, evaporation and heat transfer of aluminum alloy during droplet
evaporation of an aggressive solution of NaCl and hydrogen peroxide in water have been studied
experimentally. To date, the effect of corrosion on the evaporation and heat transfer of droplet
salt solutions on textured surfaces remains insufficiently explored. The corrosion resistance of the
material and the contact angle increase with an increase in the number of laser penetrations after laser
texturing. Studies conducted using an electron microscope and Energy-Dispersive X-ray Spectroscopy
(EDS) mapping show that the maximum amount of adsorbed hydrocarbon impurities falls on areas
with a large number of pits. In the process of metal corrosion, wettability and heat transfer change. In
spite of the fact that laser exposure significantly increases the corrosion resistance, the wettability of
the wall changes significantly due to corrosion. The wetted diameter of a droplet changes over time,
which leads to an increase in the evaporation rate and heat flux. The heat flux during evaporation of
a droplet on a heated wall depends on the water droplet diameter, the texture of the wall and the
corrosion resistance.
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1. Introduction

Atmospheric corrosion causes significant economic damage to materials and tech-
nical devices. Sea water deteriorates ships’ equipment. High-temperature evaporation
of solution droplets is widely used in modern technologies. Rapid corrosive destruction
of the material is realized when using aqueous salt solutions. The droplet evaporation
of water–salt solutions leads to the destruction of rocks, buildings and monuments [1].
Salt solution droplets can grow and crystallize in cracks of stones due to fluctuations in
air humidity and air temperature. It is worth noting the use of the aqueous salt droplets
in pharmacology and microbiology. Droplet evaporation and crystallization of proteins
containing NaCl salt are studied in Ref. [2]. The droplet evaporation is used in the following
technologies: lab-on-a-chip-processes [3], inkjet printing [4,5], self-assembled coating [6]
and spray cooling [7]. Most pharmaceuticals and fine chemicals require drying before
packaging [3]. The evaporative cooling systems with diffusion-based evaporation of sessile
droplets can provide sufficient cooling for microprocessors with various configurations [4].

The droplet evaporation of water solutions depends on a large number of interrelated
factors [8–10]. The pitting corrosion leads to local damages to structures and can signifi-
cantly reduce the service life of technical devices. The effect of the droplet-wetted diameter
on the corrosion is shown in Ref. [11]. The rate of oxygen diffusion in the aqueous solution is
high if the droplet height is less than 20 µm. The corrosion rate is affected by the key factors:
the liquid solution temperature [12], the acidity of aqueous solution [12,13], the presence of
surface surfactants and pollutants in the liquid [14,15] and the salt concentration [16–18].

To increase the corrosion resistance, the following methods are used: the graphene
coating on a substrate [19], the corrosion inhibitors [20] and the superhydrophobic sur-
faces [21]. To reduce the effect of the pitting corrosion, the following inhibitors are used:
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cerous, vanadate and chromate ions [20]. The specified inhibitors cause substantial cathodic
inhibition and reduce the corrosion rate. Chromate, molybdate and heptamolybdate ions
affect both the nucleation of pitting and metastable pitting [21,22]. The inhibition efficiency
of molybdate and tungstate are comparable [23]. The effect of some α-amino acids on the
inhibition of the pitting corrosion of Al in NaCl solution is studied in [24].

One of the methods used for corrosion protection is laser surface texturing. The
surfaces after the laser exposure have the following functional properties: hydrophobic-
ity [25,26], counteraction of biogrowth [27,28] and reduction in abrasive wear [29–31].
The anti-icing mechanism of a superhydrophobic textured coating is considered in [32].
Features of laser texturing for different alloys are considered in the following works: cop-
per [33]; tungsten [34], titanium and zinc [35,36] and aluminum alloys [25]. The aluminum–
magnesium alloys are widely used in engineering. The corrosion resistance of the tex-
tured surface of aluminum alloy is considered in Refs. [37–40]. Today, it is generally
accepted that laser texturing increases the corrosion resistance by forming a thick oxide
layer [30–32,39,40]. The deep oxygen penetration and formation Al2O3 is realized due to
metal convection during the plasma melting of a metal by a laser beam.

It is worth mentioning other surface treatment methods including the surface me-
chanical attrition treatment, the shot peening method and ultrasonic shot peening. Nanos-
tructured surfaces are produced on Al alloy plates using the surface mechanical attrition
treatment technique [41]. The nanocrystalline grains that are associated with the high
angle grain boundaries have higher thermal stability than grains that are separated by
the low angle grain boundaries. The plasma electrolytic oxidation treatments reduce the
corrosion fatigue life of aluminum alloy [42]. With shot peening as a pretreatment of the
plasma electrolytic oxidation, the corrosion fatigue resistance of multiple treated sample
is improved [42]. The effect of ultrasonic shot peening on the environmental hydrogen
embrittlement behavior of the 7075-T6 aluminum alloy is investigated in [43]. The results
of this work show that the ultrasonic shot-peened specimen has a superior hydrogen
embrittlement resistance.

An increase in the salt concentration leads to a decrease in the oxygen solubility in a
liquid layer [44]. Two characteristic corrosion modes are observed at droplet evaporation
of solutions of NaCl, NH4SO4, H2SO4 and HNO3 [45]. The superhydrophobic textured
surfaces of aluminum alloy have enhanced resistance to the pitting corrosion [46]. To
study the corrosion behavior and to conduct rapid analysis, hydrogen peroxide is widely
used [47–51]. The use of H2O2 results in an increased dissolution/oxidation rate.

Droplet evaporation is considered in [52–55]. The study of the effect of salt crystalliza-
tion on evaporation and heat transfer is performed in Ref. [56]. Laser texturing changes
both the surface wettability and the droplet evaporation rate [57,58].

Analysis of the literature shows that most of the works deal with a low concentration
of NaCl salt (less than 3%) in the absence of wall heating. The combined effect of corrosion,
evaporation and the diameter of the wetted spot of drops in a wide range of diameters from
1 to 20 mm has not been thoroughly investigated. In previous studies, there are practically
no data on the effect of corrosion on the change in wettability and evaporation of large
droplets located on walls with different textures over time.

2. Measurement Methods
2.1. Droplet Evaporation

The experimental setup diagram and characteristic surface textures are shown in
Figure 1. Experiments were conducted with two types of liquids: (1) the degassed distillate
and (2) the aqueous solution of NaCl salt (the initial mass concentration of salt is 6%) with
hydrogen peroxide (the initial mass concentration of H2O2 is 1.5%).
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Figure 1. (a) Experimental scheme: 1—photo camera; 2—telecentric pipe; 3—scales; 4—substrate; 
5—droplet; 6—air temperature meter; 7—hygrometer. (b) The scheme of the electrical heating: 8—
copper cylinder; 9—heater; 10—thermocouple. (c) The wall surface without textures. (d) The tex-
tured surface without craters. (e) The textured surface with craters (L—crater diameter; L = 50–60 
µm). 

The evaporating droplet (5) was located on the horizontal surface of the substrate of 
aluminum–magnesium alloy (AlMg6) with the specified surface texture. The substrate (4) 
was heated by the copper cylinder (8) (the electric heater located near the lower wall of 
the cylinder (9); Figure 1b). The substrate with a drop was located on electronic scales (3) 
with a discreteness of 0.001 g. The optical system for measuring the geometric parameters 
of the drop consists of the photo camera (1) and the telecentric pipe (2). 

The outside air temperature was 25 °C, and the air humidity was 40%. To exclude the 
influence of external convection, side walls were located around the measuring unit, the 
height of which significantly exceeded the height of the working area. The temperature of 
the wall under a droplet for all experiments was Tw = 41 °C. The temperature Tw was meas-
ured by the thermocouple located in the center of the drop base. All experiments were 
carried out at low heating of the wall. High temperature and intense heating of the liquid 
would lead to rapid droplet evaporation and no effect of corrosion. In this case, the evap-
oration time of the solution would be significantly less than the typical time of corrosion. 

The droplet evaporation rate j = Δm/Δt was measured using the gravimetric method 
(m is the droplet current mass and t is the evaporation time). When determining Δm/Δt, 
the time interval (Δt) was chosen for the error j not to exceed 8%–10%. The error in meas-
uring the diameter of the droplet base did not exceed 3%–4%. The wetted droplet diameter 
was determined as the average over two perpendicular axes. The droplet was applied to 
the substrate using dispensers. The initial salt concentration was determined using den-
simeters. 

2.2. Laser Texturing of the Surfaces 
The aluminum–magnesium alloy (AlMg6) has the following chemical composition 

(wt.%)): Al (91.3), Mg (6.6), Mn (0.9), Fe (0.4), Si (0.4), Zn (0.2), Ti (0.1) and Cu (0.1). The 
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terial Co.ltd, Wuxi, China), as well as textured surfaces. The polished smooth wall (Figure 
1c) had a wall roughness with mean square deviation of 0.1–0.2 µm. The polished and 
textured surfaces were ultrasonically cleaned and dried in air under laboratory environ-
mental conditions (temperature of 23–25 °C, atmospheric pressure and relative humidity 
of 40%–45%). The textured surfaces of the sample walls were created with laser technol-
ogy: the ytterbium nano-second pulsed fiber laser (IPG-Photonics, NTO IRE-Polyus, Rus-
sia) with a wavelength of 1064 nm. The laser lens had dimensions of 110 mm × 110 mm. 
A laser pulse was focused into a spot with a radius of about 30 µm. The textures were 
created by a laser beam, both without craters (Figure 1d) and with periodic structures 

Figure 1. (a) Experimental scheme: 1—photo camera; 2—telecentric pipe; 3—scales; 4—substrate;
5—droplet; 6—air temperature meter; 7—hygrometer. (b) The scheme of the electrical heating: 8—
copper cylinder; 9—heater; 10—thermocouple. (c) The wall surface without textures. (d) The textured
surface without craters. (e) The textured surface with craters (L—crater diameter; L = 50–60 µm).

The evaporating droplet (5) was located on the horizontal surface of the substrate of
aluminum–magnesium alloy (AlMg6) with the specified surface texture. The substrate (4)
was heated by the copper cylinder (8) (the electric heater located near the lower wall of the
cylinder (9); Figure 1b). The substrate with a drop was located on electronic scales (3) with
a discreteness of 0.001 g. The optical system for measuring the geometric parameters of the
drop consists of the photo camera (1) and the telecentric pipe (2).

The outside air temperature was 25 ◦C, and the air humidity was 40%. To exclude the
influence of external convection, side walls were located around the measuring unit, the
height of which significantly exceeded the height of the working area. The temperature
of the wall under a droplet for all experiments was Tw = 41 ◦C. The temperature Tw was
measured by the thermocouple located in the center of the drop base. All experiments
were carried out at low heating of the wall. High temperature and intense heating of the
liquid would lead to rapid droplet evaporation and no effect of corrosion. In this case,
the evaporation time of the solution would be significantly less than the typical time of
corrosion.

The droplet evaporation rate j = ∆m/∆t was measured using the gravimetric method
(m is the droplet current mass and t is the evaporation time). When determining ∆m/∆t, the
time interval (∆t) was chosen for the error j not to exceed 8%–10%. The error in measuring
the diameter of the droplet base did not exceed 3%–4%. The wetted droplet diameter
was determined as the average over two perpendicular axes. The droplet was applied
to the substrate using dispensers. The initial salt concentration was determined using
densimeters.

2.2. Laser Texturing of the Surfaces

The aluminum–magnesium alloy (AlMg6) has the following chemical composition
(wt.%)): Al (91.3), Mg (6.6), Mn (0.9), Fe (0.4), Si (0.4), Zn (0.2), Ti (0.1) and Cu (0.1).
The experiments were performed using a polished (smooth) surface (Wuxi Taixie Metal
Material Co., Ltd., Wuxi, China), as well as textured surfaces. The polished smooth
wall (Figure 1c) had a wall roughness with mean square deviation of 0.1–0.2 µm. The
polished and textured surfaces were ultrasonically cleaned and dried in air under laboratory
environmental conditions (temperature of 23–25 ◦C, atmospheric pressure and relative
humidity of 40%–45%). The textured surfaces of the sample walls were created with laser
technology: the ytterbium nano-second pulsed fiber laser (IPG-Photonics, NTO IRE-Polyus,
Russia) with a wavelength of 1064 nm. The laser lens had dimensions of 110 mm × 110
mm. A laser pulse was focused into a spot with a radius of about 30 µm. The textures
were created by a laser beam, both without craters (Figure 1d) and with periodic structures
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(craters) with a diameter L = 50–60 µm (Figure 1e). The distance between the centers of
the craters was equal to the diameter of the crater. At laser texturing of the surfaces, the
following characteristics were constant: the repetition rate of 20 kHz, the duration of 200 ns
and the pulse energy of 1 mJ. The roughness topology of the samples during laser texturing
changed due to the variation of the following parameters: the beam linear speed (v) and
the number of lines (n). The laser moved in a horizontal plane parallel to the surface of
the sample. For the textured hydrophobic surface (without craters), v = 1000 mm/s and
n = 20 mm−1. For the textured hydrophilic (with craters) surface, v = 1320 mm/s and
n = 50 mm−1.

2.3. Static Contact Angle

Measurement of the initial static contact angle of a droplet θ0 was carried out using
the optical system (the plane-parallel light generation system): the source MI-150, the
telecentric backlight illuminator 62–760 (Edmund Optics, Barribgton, IL, USA), the glass
fiber optics cable (BX4 type Dolan-Jenner) and the video camera Fast Video 500 M (NPO
ASTEK, Moscow, Russia) with the macro lens Sigma (105 mm f/2.8 G IF-ED AF-S 9). The
textured hydrophobic sample in Figure 1d was applied after long-term storage for several
months following laser treatment. It is known that a long storage period leads to a change
in wettability (the contact angle increases from the values below 5◦ up to 90–110◦) [39,40].
Additional short-term annealing at a temperature of 90 ◦C resulted in an increase in the
static contact angle to 134–136◦. The use of multiple laser beam passes and additional
short-term annealing (sample 3, Table 1) resulted in an increase in the droplet angle to
149–152◦. The superhydrophilic textured surface with craters was applied immediately
after laser texturing, rather than a week after manufacturing, when the contact angle would
have reached 8–11◦. The values of initial static contact angles are given in Table 1.

Table 1. Static contact angles of water droplets for various surfaces.

No Sample Surface θ0, ◦

1 smooth (Figure 1c) (solution) 83–85

2 textured hydrophobic, without craters (Figure 1d)
(1 laser penetration) (solution) 134–136

3 textured superhydrophobic, without craters (Figure 1d)
(7 laser penetration) (solution) 149–152

4 hydrophilic, with craters (Figure 1e) (solution) 8–11

5 smooth (Figure 1c) (water) 78–80

2.4. Electrochemical Measurements

A thermostatically controlled three-electrode cell, including a working, auxiliary
and reference electrode, was used for electrochemical measurements. An electrolyte of
0.5 M NaCl was used for the studies (at a liquid temperature of 24 ◦C). The temperature
of the liquid in the measuring cell was kept constant using the Julabo F25 thermostat. A
plate (10 mm × 10 mm) was used as a working electrode. The auxiliary electrode was a
Pt plate. The reference electrode was a silver chloride electrode (Ag/AgCl), which was
immersed in a saturated water–salt solution of KCl. Before the start of electrochemical
measurements, samples 1–4 (Table 1) were cleaned in an ultrasonic bath for 10 min (the
bath was successively filled with isopropanol and ultrapure water). After placing the
working electrode in an aqueous salt solution (electrolyte), the open circuit potential was
recorded for 30 min until the stationary potential was established. The potentiodynamic
polarization curves had a potential frequency of 1 mV/s towards positive values in the
range of potential values from −0.25 to 0.25 V relative to the open circuit potential.
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3. Experimental Data and Analysis
3.1. The Effect of the Droplet Diameter and the Substrate Temperature on the Corrosion of
Aluminum–Magnesium Alloy

The experiments were carried out at wall temperatures (under a droplet) of 18 and 42 ◦C.
As a result of corrosion, the material surface changed color dramatically. Figure 2 shows
photographs of the wall surface under a droplet of salt solution (H2O + NaCl + H2O2).
Area 1 (black) reflects regions of corrosion. After t = 1500–2000 s, the entire surface of the
wetted drop spot had a black color.
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Figure 2. The development of corrosion on the surface of a smooth (non-textured) substrate under a
droplet of salt solution.

3.2. The Effect of Droplet Diameter on Corrosion Kinetics

The areas of intense corrosion (areas 1) were non-uniformly distributed over the
metal surface. Figure 3a shows the curves of the dependence of the conditional corrosion
time (τcor) on the initial area of change of the wetted spot of the drop Fd. The time τcor
corresponds to the time when the entire surface became black. The diameter of the drop
(Dw) varied in the range of 2–20 mm. At a higher wall temperature (curve 3), the time τcor
decreased throughout the investigated diameter range.
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Figure 3. (a) The dependence of the conditional corrosion time τcor on the droplet-wetted area Fd

(τcor) corresponds to the time at which the entire surface became black (Figure 2): 1—the experimental
data (the wall temperature Tw =25 ◦C); 2—the curve constructed from Equation (3), Tw =25 ◦C; 3—the
experimental data (Tw =41 ◦C). (b) Scheme of the potential difference between the cathode (wall
surface) and the anode (pit).

Let us consider the geometric and physical–chemical parameters that affect the kinetics
of corrosion [59]. When pitting corrosion occurs, there is a potential difference between
the cathode (the wall surface in the vicinity of the pit, Figure 3b) and the anode (surface
inside the pit, where the dissolution reaction is implemented). The limiting factors of the
corrosion rate are: the rate of dissolution of the oxide layer (anode and cathode factors),
the rate of removal of reaction products inside the pit (anode factor; a layer of reaction
products is formed near the surface of the cavity; the diffusion of the reaction products
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regulates the rate of metal dissolution, limiting the speed of the anode process), the rate
of oxygen dissolution in water, and the rate of oxygen diffusion in the solution (cathode
factors). Hydrogen peroxide eliminates the cathode-limiting factors. The dependence of
the cathodic limiting current Icath on the drop height h (liquid layer height) is defined by
the Fick’s First Law Equation (1),

Icath = nFD1CS/h (1)

where n is the number of electrons in the oxygen reduction reaction, D1 is the oxygen
diffusion coefficient, C is the oxygen concentration, S (S = πRw

2) is the contact area covered
by the droplet, F is the Faraday constant and Rw is the droplet-wetted radius.

If the rate of oxygen diffusion played a key role, then primary corrosion would have
occurred at the edges of the drop. The experimental results show that the area of corrosion
was almost unrelated to the droplet height. The rate of dissolution decreased many times
with the increasing of the salt concentration. However, the corrosion rate did not decrease
with time, but rather increased. The concentration of salt increased markedly over time
due to water evaporation. Thus, the dissolution of oxygen also did not limit the rate of
corrosion. Therefore, the regulating factors were the anode processes. Let the corrosion
current Icor be related to the corrosion time τcor (τcor corresponds to the time at which the
entire metal surface under the drop becomes black (Figure 2)) in the form of Equation (2).

Icor~k1/(τcor)n1 (2)

The rate of corrosion is inversely proportional to the characteristic time of corrosion in
power form. According to the experimental data, τcor is inversely proportional to the area
of the droplet base in the form of Equation (3), where the constants (k2 = 0.0038, n2 = 0.1)
are obtained by generalizing the experimental points.

τcor~k2/(Fd)n2 = 0.0038/(Fd)0.1 (3)

For large drops, τcor and Icor change slightly with increasing diameter. For small
droplets, the rate of corrosion will depend more on the droplet diameter. Taking into
account Equations (2) and (3), Equation (4) can be obtained, which relates the corrosion
rate to Fd.

Icor~k3(Fd)n3 (4)

The proportionality of the corrosion current to the area Fd implies (in the absence of
restrictions for the cathode reaction) that the active (primary) pits are distributed unevenly
over the surface, and the average distance between the pits (L) is much larger than the
droplet diameter (Dw) (Y = L/Dw >> 1 for small droplets). The smaller the area of a droplet,
the less likely it is that the active pit will enter the area of the wetted droplet. The rate of
corrosion will depend on the distribution density of active pits and is inversely proportional
to the parameter Y. Obviously, Y will depend on the surface treatment method (for example,
polishing), the aging of the material and the types of its storage and operational use.

The uneven occurrence of primary corrosion (dark areas in Figure 2) persisted during
repeated experiments. This nonuniformity was associated with the random nature of
distribution of active corrosive centers. Each new sample was polished under identical
conditions. The places where drops were applied to the metal surface also differed. There
is a need in further studies on the influence of the degree of roughness, its topology, and
the surface treatment method on the distribution of active corrosion centers, as well as on
the nature of the τcor curve in Figure 3a.

3.3. EDS Mapping after the Corrosive Effect of a Droplet of Salt Solution

Let us consider the results of research using Energy-dispersive X-ray spectroscopy
(EDS mapping). To study corrosion, three types of samples from Table 1 were used: (1)
sample 1, the smooth surface; (2) sample 2, the hydrophobic surface without craters; and (3)
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sample 4, the super hydrophilic surface with craters. The samples were stored in solution
(H2O + NaCl + H2O2) for 20 h. Since the salt concentration increased during the drop
evaporation, the solution was periodically (with a frequency of 20–30 min) removed by the
dispenser and a new drop with a diameter of 20 mm was applied to the same surface of the
substrate.

SEM photos of the surfaces are shown in Figure 4(a1,b1,c1). The entire surface corroded
only for sample 1. It can be seen that the surface of sample 2 was not subjected to corrosive
destruction, i.e., it retained its texture. For sample 4, the textures (cavities) were mostly
destroyed due to corrosion. However, the given area (1 mm × 1 mm) was only a small
part of the total corrosion surface (d = 20 mm). On the rest of the surface, the shape of the
cavities was preserved.

Figure 4(a2,b2,c2) shows the EDS mapping data. Table 2 presents the distribution of
the different areas. Table 3 gives the component compositions of the corrosion products.
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Coatings 2022, 12, 46 8 of 17

It is characteristic that for sample 1, there was a rather high content of NaCl salt on the
surface (despite careful washing of the surface). There was also a noticeable salt content for
area 1 (sample 4, superhydrophilic). A low salt content was specific for sample 2 with the
texture remaining almost intact (unmodified by corrosion).

The high salt content in these areas is associated with more favorable conditions for
crystallization. It is known that the induction period of crystallization on superhydrophobic
textured surfaces is much longer than on hydrophilic surfaces [32]. The hydrophobic sample
2, after laser texturing, had a porous surface structure with a very low pore diameter.

On the surface of samples 1 and 4, there were many active crystallization centers
around which crystals were growing (Figure 5a (on the left)). Corrosion of samples 1
and 4 led to an increase in hydrophilicity, especially in areas of intense corrosion, which
contributed to crystallization. The contact angle of the droplet decreased with increasing
time of exposure to an aggressive solution. Figure 5a (on the right) shows an enlarged photo
of a salt crystal. Dendrites were growing from the crystal vertices both in the direction of
the axes and in the perpendicular direction. The EDS mapping (the elemental composition
after corrosion) in Figure 5 corresponds to Figure 4 and Tables 2 and 3.
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It follows from Table 3 that for the major part of the surface of sample 2 (area 1), the
stoichiometric ratio of aluminum oxide Al2O3 was obtained with high accuracy (deviation
of less than 0.1%). For area 2 of this sample (as a result of corrosion), the oxygen content
exceeded the stoichiometric ratio by almost two times. Thus, even for the surface with very
low wettability, there were local defective areas with high rates of corrosion. However,
these active corrosion centers were localized and practically did not expand over time.

For the superhydrophilic sample 4, as well as for the smooth surface 1, the corrosive
areas expanded rapidly (not localized on the surface). Figure 5b shows photos of pits on the
surface of sample 1. Visually, it may be inferred that there was an absence of corrosion for
area 2 of sample 4 (superhydrophilic surface). However, a violation of the stoichiometric
ratio for Al2O3 by about 4%–5% indicates that this area was also partially susceptible to
corrosion. The maximum corrosion rate and the maximum deviation from stoichiometry
(almost five times) of the composition of Al2O3 can also be observed for area 3 (sample 4).
In this area, a high concentration of pits led to rapid destruction of the metal surface. The
adsorption of hydrocarbons from the air on the metal surface led to a decrease in wettability.

From Figure 5c, it can be seen that all corrosion areas (pits) were concentrated at the
edges of cavities and between cavities (the green areas had a depth of pits of the order
of 20 µm, which was ten times higher than the surface roughness). At these points, there
were no pits inside the cavities themselves. There may be two reasons for this corrosive
behavior. The laser affected the space inside the cavity, but in practical terms, did not melt
the material between the cavities. A thick oxide layer protecting against corrosion may not
have formed between the cavities. In addition, the metal ejected from the cavities formed
elevations at the edges of the cavity (along its circumference). With rapid crystallization
(when the metal cools), this thick layer may have formed deep cracks. Further studies of this
process are needed. It is also important to recall that this corrosive behavior is characteristic
only for a sample that has been corroded immediately after laser texturing. In this case,
there was a very high surface energy contributing to the chemical reaction. One more
important contradiction can also be noted. Experimental data show that the adsorption of
hydrocarbons, leading to a change in wetting modes, was realized on a smooth wall for
about one hour and then the contact angle did not change [60]. Based on the simulation
results, it may be assumed that 3–4 adsorbed molecular layers were already sufficient for
external molecules (for example, hydrocarbon molecules) to cease interaction with the
metal wall [60]. It is well known that after laser texturing, the wettability changes within
weeks or months. It is likely that these long-term changes in wettability are associated
with nano-microporosity, with a recrystallization of the surface layer, with the diffusion of
hydrocarbons inside the pores (hydrocarbons adsorbed from the air), as well as with the
diffusion of hydrophobic impurities inside the textured surface layer of the metal.

This specific corrosion behavior for sample 2 is probably related to its surface nano-
micro porous structure. It is interesting to note that the hydrophobic sample 2 for areas 1
and 2 shows (Figure 5c) a relatively high carbon content, which was probably due to the
presence of a highly porous surface layer of the hydrocarbons’ contaminants (on the metal
surface, there were carbon atoms with C-H (CC-H) bonds, the C-O group (CC-O) and the
carbonate group (C2-CO3)) [61]. Carbon distribution was uniform over the entire surface
of the sample. Only in some local places was there an increased content of C compared
to the average composition on the surface (Figure 5c). However, area 2 of the hydrophilic
sample 4 does not show the presence of carbon, which may be associated with a very low
C content on the surface of cavities that did not have a branched hierarchical pore structure
(smooth surface inside the cavity). As a result, the resolution of the device did not allow
the determination of carbon. However, intense corrosion (area 4 of sample 4) resulted in a
local porous surface. After corrosion, the samples were dried from the solution and were
exposed to the open air for a long time, which led to the formation of a surface layer of the
hydrocarbons’ contaminants. Due to the porous structure of the material after corrosion,
relatively high carbon content (due to the enlarged pore surface) was well diagnosed by
the EDS method. A photo of the carbon regions (white) is shown in Figure 5d,e. It is clearly
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seen that the carbon composition was extremely uneven on the surface, which was probably
due to the highly uneven porosity of the reaction products after corrosion. An interesting
feature is that the carbon concentration for the specified area 4 became much higher than
for the porous surface of the hydrophobic sample 2. It is likely that the increase in the
amount of carbon is associated not only with the porous nature, but also with the thickness
of the surface film of the airborne contaminations. The thickness may have increased with
the increasing of the hydrophilicity of the surface (the growth of intermolecular interaction),
and may have also depended on the morphology of the textures of the film itself.

Table 2. Distribution of the area share (%) for different characteristic areas of elements: sample 1
(Figure 4(a2)), sample 4 (Figure 4(b2)), sample 3 (Figure 4(c2)).

Area Sample 1,
Area Share, % Area Sample 2,

Area Share, % Area Sample 3,
Area Share, %

A (green) 45.2 A (green) 26 A (blue) 97.41
B (blue) 48.1 B (blue) 37.1 B (red) 2.59
C (red) 6.7 C (brown) 28.3

D (red) 8.6

Table 3. Component composition of corrosion products (samples 1, 2 and 4 correspond to Table 1).

Sample 1

Element O Na Mg Al Cl Cu Mn Fe Si C Ti

Area A, %
weight 25,60 22.26 1.24 16.74 33.51 0.31 0.18 0.16
atomic 38.11 23.06 1.22 14.77 22.51 0.19 0.08 0.07

Area B, %
weight 37.67 3.64 3.78 48.97 4.93 0.14 0.39 0.19 0.30
atomic 50.67 3.41 3.34 39.06 2.99 0.07 0.15 0.07 0.23

Area C, %
weight 58.17 0.52 3.73 25.32 0.61 0.26 11.39
atomic 63.56 0.40 2.68 16.40 0.30 0.08 16.57

Sample 4

Element O Na Mg Al Cl Cu Mn Fe Si C Ti

Area A, %
weight 52.49 8.53 11.50 12.95 13.59 0.45 0.21 0.28
atomic 65.44 7.41 9.44 9.57 7.65 0.22 0.07 0.20

Area B, %
weight 37.93 4.07 5.35 44.26 6.05 0.32 0.4 0.42 0.98 0.07 0.14
atomic 51.08 3.81 4.74 35.34 3.68 0.10 0.16 0.16 0.76 0.11 0.06

Area C, %
weight 60.42 3.54 16.48 14.14 4.73 0.46 0.24
atomic 71.51 2.91 12.83 9.92 2.53 0.22 0.08

Area D, %
weight 44.06 1.69 2.97 11.01 1.78 0.39 0.53 1.51 36.08
atomic 42.47 1.13 1.88 6.29 0.77 0.15 0.15 0.83 46.33

Sample 2

Element O Na Mg Al Cl Cu Mn Fe Si C Ti

Area A, %
weight 37.23 0.24 2.85 41.88 0.26 0.18 0.33 0.16 0.19 16.58
atomic 42.95 0.2 2.16 28.65 0.14 0.08 0.11 0.05 0.12 25.47

Area B, %
weight 53.63 0.75 2.21 28.86 0.83 0.52 0.53 12.69
atomic 59.36 0.58 1.61 18.94 0.42 0.23 0.17 18.71



Coatings 2022, 12, 46 11 of 17

The chemical composition of aluminum–magnesium alloy (AlMg6) has the following
chemical composition (wt.%): Al (91.3), Mg (6.6), Mn (0.9), Fe (0.4), Si (0.4), Zn (0.2), Ti (0.1),
Cu (0.1)) correlating with the areas in Figure 4. Different elemental compositions on the
surface of the samples may be associated with the nonuniform distribution of chemical
elements, differences in the distribution of defects and roughness, and, accordingly, the
nonuniform distribution of excess surface energy, as well as differences in the crystal
structure (grain size and orientation). The nonuniformity of the surface concentration of
salt may have been due to the uneven distribution of active crystallization centers, the
presence of which is associated with most of the above factors. The maximum concentration
of NaCl was specific for a smooth non-textured surface, since in this case, there was a
high concentration of pits with local areas of high excess surface energy. Conversely, a
textured hydrophobic sample would have low surface energy and practically no pits. Nano-
micropores of the sample with low wettability were not filled with water and air pockets
were formed, which also counteracted crystallization. It was previously shown that the
hydrophobic coating leads to a significant deicing effect (the induction period of the onset
of crystallization essentially increases) [30–32].

3.4. Electrochemical Properties of AlMg6 Alloy Surfaces

To obtain a corrosive current and a corrosive potential, the Tafel equation processing
was used. The measurement results are shown in Figure 6, as well as in Table 4. The
corrosion current was significantly higher for the polished sample 1 without laser texturing.
The superhydrophilic textured sample 4 demonstrates a higher corrosion resistance than
sample 1 (smooth surface), which corresponds to the known results of previous studies.
However, the presence of a large number of pits (Figure 5b) led to a decrease in corrosion
resistance. Moreover, defects were localized in some places of the surface (area 2, Figure 4b2,
Table 4). In other places, pits grew and large areas of intense corrosion appeared (areas 1, 3
and 4, Figure 4(b2), Table 4).
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Table 4. Electrochemical parameters of the samples (samples correspond to Table 1).

Unit Sample 1
(Smooth)

Sample 2
(Hydrophobic,

1 Laser Penetration)

Sample 3
(Hydrophobic,

7 Laser Penetration)

Sample 4
(Hydrophilic)

Icor, A cm−2 1.3 × 10−6 2 × 10−8 0.79 × 10−9 7.9 × 10−8

Ecor, V −0.66 −0.68 −0.74 −0.7

The hydrophobic surface shows a significantly lower corrosion current compared to
the hydrophilic wall. It follows from previous works that after laser texturing, the hy-
drophilic properties turned into hydrophobic ones. The change of the wetting mode (from
several weeks to months) was associated with the adsorption of airborne contaminants.
Thus, the hydrophobic layer of the hydrocarbons played a protective anticorrosive role.
Moreover, the maximum corrosion resistance was realized with multiple laser penetration
and was associated with both the porous structure of the surface and the high content of
hydrocarbons in the surface layer (areas 1 and 2, Figure 4(c2), Table 4). It should also be
noted that the specified layer of hydrocarbons was quite resistant to external influences
and was removed at temperatures of about 400 ◦C.

3.5. Effect of Corrosion on the Droplet Wetting Diameter

Droplet evaporation kinetics depends on wettability and the mode of the droplet
contact line. For most practical examples, the evaporation mode of sessile droplets is
characterized as either the constant contact radius (the CCR mode) or the constant contact
angle (the CCA mode). However, for poly(ethylene oxide) (PEO) polymer solutions, blood,
binary liquids and colloidal suspensions for a suspension, two other modes can be realized
where the contact line speed is either constant or inversely proportional to the droplet
radius [62]. The receding radius speed is inversely proportional to the three-phase contact
radius R, with a constant of proportionality a, which is dependent on the drying conditions
and a droplet shape, but independent of a droplet volume. The evaporation dynamics
of multicomponent droplets on a heated chemical patterned surface were presented in
Ref. [63]. In this work, the mechanism of the stepwise movement of the contact line in
the moving contact line regime was investigated. The location of the pattern (microrelief
shape) was found to affect the droplet evaporation in Ref. [64]. In this work, the parameter
of “eccentricity” was proposed. The eccentricity quantitatively characterized the location of
micro-holes. The contact angle hysteresis and the droplet evaporation were characterized
by the eccentricity.

Modes of behavior of the droplet contact line during corrosion were insufficiently
studied previously and are of technical interest. The experimental results in this study
demonstrate that during the initial evaporation period, the droplet diameter increased and
then stabilized around a certain equilibrium value (the CCR mode) (Figure 7). At this point,
the wettability of the wall in the vicinity of the contact line of a droplet would change, and
the surface tension of the salt solution would decrease. The droplet-wetted diameter was
found to be a function of the corrosion rate (Jcor) and the parameter U, i.e., Dw = f (Jcor, U),
where U is the energy barrier of the triple contact line [65]. At a high corrosion rate, the
parameter U decreased and the equilibrium diameter increased (the first time mode in
Figure 7a). If the corrosion rate was very low and U was high, then the CCR mode with
Dw = const would have been implemented (the second time mode). The attachment of the
droplet contact line is associated with crystallization in the vicinity of the contact line. The
maximum diameter growth over time corresponds to a smooth wall (curve 1). In this case,
the maximum corrosion current was realized (Table 4), i.e., there was a maximum rate of
chemical reaction. For textured surfaces, the corrosion current decreased significantly and
the diameter became quasi-constant. The wetting mode for samples 1 and 4 corresponds to
Wenzel’s law, and for samples 2 and 3, it corresponds to the Cassie–Baxter law.
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Figure 7. (a) The wetted droplet diameter Dw with time t (Tw = 41 ◦C, samples correspond to Table 1).
(b) The droplet diameters for different droplet shapes (d1 = Dw).

3.6. The Droplet Rate Evaporation and the Evaporative Heat Flux during Corrosion

In experiments with evaporation of a water droplet on a smooth wall (curve 5), the wet-
ted droplet diameter was constant. The dependence of the evaporation rate on the droplet
radius Rw and the contact angle θ for θ < 20–30◦ can be represented as Equation (5) [52–54],
where ∆ρ = ρs − ρa, ρs is the equilibrium water vapor density, ρa is the water vapor density
in external air and D is the vapor diffusion coefficient.

Jev = ∆m/∆t = −Rw Df (θ)∆ρ ≈ −4RwD∆ρ (5)

For large-diameter drops (the drop diameter over 10 mm), one may also neglect the
change in θ and use Equation (5).

From Equation (5) it follows that with an increase in the droplet diameter, the Jev
increases. To exclude the influence of the droplet diameter, let us divide the current value
of the evaporation rate by the current radius Rw (Equation (6)).

Jev/Rw = −4D(ρs − ρa) (6)

Figure 8 shows the experimental results in the form of Jev/Rw dependence on t. As can
be seen from the graph, the experimental curves for different samples, for both textured
and smooth surfaces, were satisfactorily generalized in Equation (6). At this point, for the
hydrophilic wetting, Dw corresponded to d1 (the wetted droplet diameter, Figure 7b). In the
hydrophobic mode of wetting, Dw corresponded to d2 (the maximum droplet diameter).



Coatings 2022, 12, 46 14 of 17Coatings 2022, 12, 46 14 of 17 
 

 

 
Figure 8. Dependence of Jev/Rw with time t for the droplet evaporation (Tw = 41 °C, Rw is the droplet 
radius). 

The rate of evaporation led to liquid cooling and to the creation of a temperature 
difference between the wall and the droplet interface. As a result of evaporation, the heat 
flux of evaporation (qev) was formed. The heat flux qev was directed from the wall to the 
liquid (qev = Jevr, where r is the specific heat of water evaporation). 

Figure 9 shows the experimental results in the form of the qev/Rw dependence on t. 
Equation (7) shows the dependence of the evaporation heat flux. 

qev/Rw = −4rD(ρs − ρa) (7)

When dividing qev by the current value of the droplet radius, the experimental results 
ceased to depend on the kinetics of corrosion. Thus, in order to predict the evaporation 
rate and the heat flux of the droplet in the presence of corrosion, it was necessary to de-
termine the nature of the dependence of the droplet diameter on a smooth and textured 
surface on the corrosion current. The corrosion current varied greatly during the transi-
tion from a superhydrophilic to a superhydrophobic surface and affected the equilibrium 
value of the contact angle of the droplet in different ways. 

 
Figure 9. qev/Rw with time (Tw = 41 °C, samples correspond to Table 1). 

4. Conclusions 
The corrosion behavior of aluminum–magnesium alloy (AlMg6), as a result of the 

action of a droplet of H2O/NaCl/H2O2 aqueous solution, was studied experimentally. The 
studies were performed both for a smooth non-textured wall and for hydrophilic and hy-
drophobic samples after laser texturing. 

40

50

60

70

80

0 1000 2000 3000 4000 5000

Je
v/
R w

·1
07 ,

kg
/(s

∙m
)

t, s

sample 1 sample 2
sample 3 sample 4

5

10

15

20

0 1000 2000 3000 4000 5000

q e
v/
R w

,W
/m

t, s

sample 1 sample 2
sample 3 sample 4

Figure 8. Dependence of Jev/Rw with time t for the droplet evaporation (Tw = 41 ◦C, Rw is the droplet
radius).

The rate of evaporation led to liquid cooling and to the creation of a temperature
difference between the wall and the droplet interface. As a result of evaporation, the heat
flux of evaporation (qev) was formed. The heat flux qev was directed from the wall to the
liquid (qev = Jevr, where r is the specific heat of water evaporation).

Figure 9 shows the experimental results in the form of the qev/Rw dependence on t.
Equation (7) shows the dependence of the evaporation heat flux.

qev/Rw = −4rD(ρs − ρa) (7)

When dividing qev by the current value of the droplet radius, the experimental results
ceased to depend on the kinetics of corrosion. Thus, in order to predict the evaporation rate
and the heat flux of the droplet in the presence of corrosion, it was necessary to determine
the nature of the dependence of the droplet diameter on a smooth and textured surface on
the corrosion current. The corrosion current varied greatly during the transition from a
superhydrophilic to a superhydrophobic surface and affected the equilibrium value of the
contact angle of the droplet in different ways.
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4. Conclusions

The corrosion behavior of aluminum–magnesium alloy (AlMg6), as a result of the
action of a droplet of H2O/NaCl/H2O2 aqueous solution, was studied experimentally.
The studies were performed both for a smooth non-textured wall and for hydrophilic and
hydrophobic samples after laser texturing.
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• The corrosive behavior depended on the droplet diameter. For large droplets, the
kinetics of corrosion ceased to depend on the diameter.

• The aggressive effect of the H2O/NaCl/H2O2 solution led to an increase in the droplet
base diameter on the smooth wall. As a result, the evaporation rate and the heat flux
of evaporation increased over time.

• Adsorption of hydrocarbon impurities from the air after corrosion led to a different
pattern of carbon distribution on the surface of hydrophobic and hydrophilic textured
samples. Carbon was evenly distributed on the surface of the hydrophobic sample
and was extremely inhomogeneously distributed for a hydrophilic textured surface.

• On the surface of a smooth (non-textured) wall and a hydrophilic (textured) one, there
was an inhomogeneous distribution of NaCl salt (after corrosion). Some places showed
a high concentration of salt due to the growth of salt crystals, which had the shape of
dendrites.
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