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An approach for new experimental set up for monitoring the corrosion rate of aluminum along with the
contact angle, droplet volume loss and droplet height of a single droplet of NaCl , NH4SO4, H2SO4
and HNO3 solutions placed gently on aluminum surface was suggested. Electrochemical impedance
spectroscopy (EIS) technique was employed for monitoring the corrosion rate, while the contact
angles, volume loss and droplet height changes were monitored using drop shape analyzer. The
evaporation process for the droplets from aluminum surface is followed and characterized. The
evaporation of droplet is highly dependent upon the reaction of salt and acid with exposed aluminum
surface, which is important for monitoring the contact angle and droplet height. The constancy of the
base diameter determines the evaporation mode of the droplet. The change in a contact angle shows a
remarkable decrease with droplet holding time. The corrosion process of aluminum is mainly
dependent upon droplet height. The volume losses increase, while the droplet height decreases as
droplet holding timer progressed. A mechanism describing the corrosion process inside the droplet is
suggested.
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1. INTRODUCTION
Inkjet printing[1-2 ], microfluidic lab-on-a-chip processes [3-4], phase-change cooling, [5-6]
and controlled deposition of self-assembled surface coatings [7-8] are considered as different
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applications based on the Evaporation process of sessile droplets on a solid substrate. The
participation of the substrate with liquid during the evaporation process changing the shape of the
droplet. Wetting has received growing interest in many industrial processes, such as corrosion,
printing, spray quenching, oil recovery and lubrication, [9–14]. Several techniques have been
established for contact angle measurement, such as the adhering gas bubble method (15), Wilhelm
plate method, the capillary penetration techniques (16-17) and the sessile drop technique (18-19).
Contact angle measurement is highly dependent upon water content [20-23], surface roughness [24–
26], temperature [27–29], relative humidity [30], particle size [14] surface heterogeneity [31–33] and
cations [34-35]. The diffusion of the liquid vapor is limited owing to the presence of the substrate,
which constrains the evaporation process. Contact angle provides valuable information about surface
roughness, heterogeneity and polymer surface dynamics [ 36-42] and considered as complicated and
multifaceted phenomena [43-44]. Chemical reactions between solid and liquid play an important role
in determination of the contact angle. Shanahan et al [38-39] observed the constancy of the contact
radius during evaporation process of liquid drops placed on polymer and glass surfaces. The drop
height and the contact radius diminish concurrently and keeping contact angle more or less constant for
smooth surfaces and does not occur on irregular surfaces [38]. Local interfacial evaporation flux and
the total evaporation rate could be employed for a droplet with any arbitrary contact angle with
Popov’s model for vapor diffusion-based solutions [45]. The effect of deviations from a spherical cap
of droplet shape on the evaporation rate have been examined by Erbil et al [46-47]. They reported that
the initial contact angle can be determined by the rate of evaporation [48-49]. The previous vapor
diffusion-based models were improved by Dunn et al [50]. The predictions of the evaporation rate and
residual mass at any time of the drop based on the spherical cap geometry have been developed by
Picknett and Bexon [51]. Aluminum has enormous application in industries among the other
nonferrous metals [52]. Atmospheric corrosion is characterized by the most failures in terms of cost
and tonnage among the other environment [53].The total annual corrosion costs in the U.S. aircraft
industry have been estimated at several billion dollars [54]. Aluminum is the most applicable metal in
the atmosphere especially in building and aerospace industries among the other metals [55-56]. In
addition to atmospheric corrosion, aluminum suffers different forms of corrosion as filiform corrosion
[57], exfoliation corrosion [48], intergranular corrosion [49], and pitting corrosion [58-60]. The effect
of NaCl, NH4Cl, NH4SO4, Na2SO4 and RH on corrosion rate of aluminum have been investigated
previously [61-63]. The extensive use of aluminum alloys in the automobile industry and construction
may be attributed to high strength-to-weight ratio and high corrosion resistance [64-66]. Aluminum is
a metal frequently exposed to the atmosphere in many practical applications, especially in building and
aerospace industries [67-68]. Many researchers and groups have been extensively investigated the
atmospheric corrosion of aluminum alloys in outdoors exposures [69-71]. The most widely used as an
acceleration test [72-74] among the conventional laboratory scale tests is the salt spray test (ASTM
B117) [75-76]. Simulation of actual atmospheric corrosion at a laboratory level has been conducted
using cyclic corrosion tests, such as ASTM G85-A5 and SAE J2334 [77-78]. The severity of
atmospheric corrosion depends on the environment type [79]. There has no been studies on the
simultaneous monitoring of the corrosion rate under a single droplet along with droplet characteristics.
The present work suggests a new experimental set up for assessment the corrosion rate of aluminum
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under a single droplet of NaCl , NH4SO4, H2SO4 and HNO3 solution and proposes a mechanism
describing the corrosion process of aluminum inside the droplet.

2. EXPERIMENT PROCEDURE
2.1. Materials preparation
Aluminum sheets were used sized 10mm (length) x 1mm width). Two plates were connected
with copper wire using silver paste and secured with quick dry epoxy. The plates were placed 0.1mm
apart from each other and fixed in an epoxy resin. The samples were abraded with silicon carbide
paper down to 2000 mesh before each experiment.

2.2. AC impedance measurements and Contact angle measurements
EIS experiment was conducted at 10 kHz (ZH) and 10 mHz (ZL) using a Solartron 1280. The
calculation of the polarization resistance (Rp) is based on monitoring the impedance at low frequency
(10 kHz) and high frequency (10 mHz). Contact angles, Volume loss, droplet height and Base
diameter were determined with the sessile drop method using Drop Shape Analysis System, DSA100
( Krüss GmbH, Hamburg, Germany) .

3. RESULTS AND DISCUSSION
3.1 Evolution of contact angle

(a)

(c)

(b)

(d)

Figure 1. Monitoring data of contact angle with time under a single droplet of (a) NaCl (b) NH4SO4
(c) H2SO4 (d) HNO3
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The corrosion process of the metals under thin electrolyte layers was conducted under constant
thickness and concentration of the tested electrolyte [79-83]. In case of outdoors exposures of metals
the concentration and thickness of the thin electrolyte layer on a metal surface continuously change
due to water evaporation or adsorption. The acid rain led to formation of droplet with different contact
angles and volumes on the exposed surface, which creates the corrosion process of the underlying
surface. Figures 1a, 1b, 1c and 1d show the evolution of contact angle (CA) with time for single
droplet of NaCl and NH4SO4 , H2SO4 and HNO3 solution, respectively. Contact angle decrease
linearly with time as a result of the evaporation process of acid droplets placed over aluminum
surface. The interaction of the investigated droplet with the substrate led to lowering the CA as the
volume losses increases. As a result of this interaction, the properties of the solid/liquid interface will
be changed and affect the value of CA. The decrease in CA can be explained on the basis of transport
of tested liquid from the drop to the liquid/vapor interface and to a decrease in the number of
adsorption centers. The weak binding between the droplet and the substrate enhances the evaporation
of the tested liquid from the aluminum surface and consequently increase the volume losses of the
tested liquid.
The results also can be accounted to a continuous evaporation of water molecules. The
evaporation process occurs in three different stages. The constant mode of evaporation with constant
base diameter resulted in a decrease in contact angle. The water molecules diffuse out from aluminum
surface and are accompanied by a slight change in the base diameter with small fluctuations in contact
angle values. During the initial measurements the contact angle is slightly decreased in the period
before droplet completely dried up. A decrease in the contact angle is generally expected as holding
time progressed. The evaporative flux at the liquid/air interface is uniform, and the evaporation
proceeds more quickly as this interface becomes larger. The precipitation of the corrosion products
over the surface increases the resistance to the contact generally expected as holding time progressed.
The evaporative flux at the liquid/air interface is uniform, and the evaporation proceeds more quickly
as this interface becomes larger. The precipitation of the corrosion products over the surface increases
the resistance to the contact line motion. It can be concluded that a lesser amounts of corrosion
products at the solid/liquid interface produces a low resistance to the contact line motion. The contact
angle measurement is significantly dependent on the chemical reactivity of the aluminum with droplet
composition, which causes a change in the liquid-vapor surface. Increasing the contact angle led to an
increase in the contact of the tested electrolyte with aluminum surface and hence enhances the
corrosion rate. The increase in the concentration of the tested electrolytes due to evaporation
significantly affects the corrosion rate of aluminum. The results are in consistent with that reported
previously [84-85].

3.2 Evolution of droplet volume, height and base diameter
The experimental data for the volume loss and the droplet height during the course of droplet
evaporation is shown in Figures 2a, 2b 2c and 2d for single droplet of NaCl and NH4SO4 ,
respectively. Figures 3a, 3b 3c and 3d show the experimental data for the volume loss and the droplet
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height during the droplet evaporation H2SO4 and HNO3 solution, respectively. It can be seen from
Figures 3-6 that the droplet height decreases, while volume losses increases as holding time
progresses. The results can be explained on the basis of the evaporation process of tested electrolyte,
which increases as time increases. The evaporation process is increasing closer to the contact line and
the electrolyte is flowing toward to the contact line to compensate the evaporated solvent. Three
phases can be observed during the evaporation process of the acid droplet. A saturation of the
surrounding atmosphere around the acid droplet has been attained during the first phase in a very short
time. The droplet base diameter is a constant during the second phase. The droplet base diameter is a
constant during the second phase and the volume loss increases linearly with time. The droplet height
decreased rapidly with increasing the volume loss during the third phase of evaporation.

(a)

(b)

(c)

(d)

Figure 2. Monitoring data of: (a) Droplet height for NaCl (b) volume loss with time for NaCl (c)
Droplet height for NH4SO4 (d) volume loss with time for NH4SO4.

The length of each phase is determined by a chemical reactivity between the aluminum surface
and the droplet. In addition, the constancy of the base diameter during the initial stage of evaporation
enables the liquid vapor to diffuse out along the contact line. It is evident that the base diameter was
slightly changed and almost constant through the whole evaporation in both acids. During the last
stage of drying process the solvent is completely dried up from the substrate. The particles are carried
by the electrolyte flow toward the drop contact line, which causes accumulation and deposition of
particles above the substrate. The droplet height has a significant effect on the cathodic reduction of
oxygen. Evaporation of the electrolyte led to a decrease in the droplet height, which provide shorter
path for the diffusion of oxygen. This will accelerate the corrosion process of aluminum, which is
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mainly controlled by cathodic reduction of oxygen [86]. Evaporation of the tested electrolyte also led
to a decrease in the volume and size of the droplet, which in turn decreases the number of the formed
anode and cathode on the exposed aluminum surface and consequently lowered the corrosion process
of aluminum [87]. Masuda reported that the decrease in the size of the droplet is accompanied by a
decrease in the area of the interface, which give rise to more difficulties in the formation of a defined
anode and cathode and hence reduce the corrosion rate [88].

3.3 Mechanism of Aluminum corrosion under a single droplet
The polarization resistance of aluminum was monitored with droplet holding time. It was
established that the corrosion rate is proportional to the reciprocal of polarization resistance and can be
calculated according to Stern–Geary equation [89]:
Corrosion rate = K/Rp
(1)
K = ba × bc / 2.303(ba + bc)
(2)
where ba and bc are anodic and cathodic Tafel slopes, respectively. The value of K can be
assumed to be a constant for a given metal–electrolyte system [90-91]. Monitoring data of 1/Rp versus
time is shown in Fig.4 for NaCl, Fig. 5 for NH4SO4 , Fig. 6 for H2SO4 and Fig. 7 for HNO3 solutions.
The corrosion process can be divided into two distinct regions.

(a)

(c)

(b)

(d)

Figure 3. Monitoring data of: (a) Droplet height for H2SO4. (b) volume loss with time for H2SO4. (c)
Volume loss with time for HNO3 (d) Droplet height for HNO3
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The corrosion rate increases slowly during the initial immersion of the drying period region I
(from zero time to 30 min), then sharply increases during the end of drying period in region II (from
30 time to 60 min) as the holding drying time progress. The corrosion reaction under a single droplet
of can be divided into two stages with the transitions from the one stage to the next occurring at
aluminum surface as droplet holding time progresses. The mechanism of aluminum corrosion inside
NaCl droplet can be explained by low and high corrosion processes. The slow rate of corrosion
experienced during the onset of drying period in region I can be attributed to dissolution of native
oxide film followed by aluminum dissolution when droplet height is high as shown in the inset of
Figure 7 and 8 (top), which shows the sequences of droplet shape at different holding times. This
behavior is similar to the anodic dissolution of aluminum in NaCl bulk solution. The formation of
aluminum corrosion products above the aluminum surface leads to a decrease in the corrosion rate as
time progresses. The relatively high corrosion rate observed in region II was attributed to an increase
in NaCl concentration due to the evaporation of electrolyte as drying time progresses leads to
enhancement of the corrosion rate. In addition, the evaporation of the electrolyte leading to a decrease
in the thickness of electrolyte as the drying time progressed, which enhances the diffusion of oxygen
through a short path of electrolyte with low droplet height and increase the reduction process of
oxygen. The most abundant ions in fine dust particles commonly found in urban environments are
ammonium and sulfate ions. The data presented in Figure 8 for NH4SO4 droplet indicated that the
value of 1/Rp, decreased rapidly in the initial stage of monitoring due to the rapid dissolution of Al2O3
followed by aluminum dissolution. The slow increase in corrosion rate during the last stage of
monitoring can be attributed to the precipitation of ammonium aluminum sulfate (NH4)3Al(SO4)3 as
given below [92]:
Al + 3 + (NH4)2SO4 → (NH4)3Al(SO4)3 + 3NH3 + 3 + 2H2
(3)
Aluminum initially tarnishes rapidly due to their increased chemical reactivity to form a
protective oxide layer. The natural aluminum oxide layer can protect the aluminum from atmospheric
corrosion. Aluminum is characterized by a formation of an insulating oxide film and is liable to
dissolution process in the acidic media. The passivation or formation of protective film is highly
dependent upon the chemical reactivity of the formation medium towards the aluminum [93]. The
underlying aluminum surface started to dissolve in the acidic solution and the corrosion of the
aluminum is controlled by the anodic and cathodic reactions. The anodic dissolution of aluminum can
be described as [94]:
4Al = 4Al 3+ + 12e- 3
(4)
The cathodic reduction of hydrogen proceeds as [38-39]:
3O2 + 12H+ +12e-1 = 6H2O
(5)
The corrosion rate in this stage is initially high and controlled by anodic dissolution of Al in the
acidic solution and decreases as time progresses. The contact angle, and droplet height also decreases
linearly, while the volume losses increases due to evaporation of the acidic droplet. The aluminum
dissolution in case of H2SO4 solution can be described as:
Al + 3H+ = Al3+ + 3/2H2
(6)
In case of HNO3 the reaction may occur as [46]:
Al + 4H+ + NO3- = Al3+ + NO + 2H2O
(7)
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The liberation of aluminum started after an induction period from the contact of the droplet
with the surface. This time can be defined as the time required for complete dissolution of the oxide
film and followed by dissolution of the underlying surface of aluminum [95-96]. In H2SO4. the
sulfates ions have a strong affinity to adsorb water on the aluminum surface and resist the aluminum
dissolution [97]. In HNO3, there are two competing processes, the first is the oxide film growth and
the second process is the Al dissolution. Both processes are highly dependent upon acid concentration.
In high concentration, the former process is dominant process and the latter process is dominating
process in low concentration. A previous study indicated that increasing the HNO3 concentrations
enhances the passive film formation on aluminum surface [98]. In addition, the formation rate of
passive film is higher than that dissolution one. The corrosion rate of the oxide film formation in
diluted HNO3 solution is higher than that experienced in high concentrated HNO3 solution. The results
may be attributed to lower degree of protectiveness of the formed oxide film in diluted solution of
HNO3 [99] . Gaseous products as NO, NH3 and N2 as well as soluble ions as NH4 and NO-2 may be
formed as corrosion products [100]. It was established previously that an increase in nitric
concentration is accompanied by an enhancement of aluminum dissolution [46,69]. The results
indicated that the rate of aluminum dissolution may be attributed to a formation of a complex, which
increases with increasing nitric concentration.

Droplet shape at:

Zero Time

30min.

60min.

Figure 4. Monitoring data of 1/Rp versus time for NaCl.

Droplet shape at:
Zero time

30 min

60 min

Figure 5. Monitoring data of 1/Rp versus time for NH4SO4

Int. J. Electrochem. Sci., Vol. 10, 2015

6400

Stage I

Stage II

Figure 6. Monitoring data of 1/Rp versus time for H2SO4

Stage I

Stage II

Figure 7. Monitoring data of 1/Rp versus time for HNO3 .

The photomicrograph of aluminum surface after complete drying is shown in Fig. 8(a-d) for
NaCl, NH4SO4 , H2SO4 and HNO3 solutions, respectively. It can be concluded that the corrosion
process is anodically controlled by anodic dissolution of aluminum with a high droplet height and is
cathodically controlled by reduction of oxygen when the droplet height is small.

4. CONCLUSIONS
1. The experimental set up employed in this study is useful in monitoring the corrosion rate
along with volume loss, droplet height and contact angle under a single droplet of aqueous solution.
2. Droplet height and contact angle decrease with droplet holding time while volume losses
increases
3. The acid wetting and spreading on aluminum surface depends on the roughness and chemical
reactivity of the aluminum surface.
4. The evaporation of droplet is highly dependent upon the reaction of acid with exposed
aluminum surface.
5. Droplet height plays an important role in controlling the corrosion process of aluminum.
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6. The mechanism of the corrosion process inside the droplet changed from anodically
controlled process during the initial stage of immersion to cathodically controlled process during the
last stage monitoring.

Aluminum
Corrosion
products

Corrosion products

NaCl crystals

(a)

(c)

(b)

(d)

(a)
Corrosion
products
Corrosion
products

Figure 8. Photomicrograph of aluminum surface after complete drying of: (a) NaCl droplet. (b)
NH4SO4 droplet (c) H2SO4 droplet (d) HNO3 droplet
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