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The corrosion rate of copper under a single droplet of NaCl has been investigated using
electrochemical impedance spectroscopy technique. The changes in contact angle, volume loss and
droplet height during the progress of corrosion process will be monitored. Corrosion rates were greatly
accelerated as the droplet height decreases as a result of the decrease of the diffusion layer thickness
and did not alter significantly for higher droplet height. The values of the contact angle, droplet height
increase as the holding time progresses, while the volume loss increases. The decrease in contact angle
with holding time is accompanied by a decrease in the wetting properties of the copper surface with
time. A mechanism describing the successive stages of the corrosion process within a droplet is
suggested.
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1. INTRODUCTION

When a droplet impinges on a metal surface a number of complex and simultaneous
interactions are triggered. Interactions of the droplet with a material include chemical and
electrochemical interactions, such as dissolution of the native surface oxides, development of pH and
O, gradients, establishment of electrochemical cells and precipitation of corrosion products [1,2]. The
development of new tests and methodologies for the assessment of atmospheric corrosion under thin
electrolytic layers is still an important field of research and attracts many researchers to develop the
technique. The role of the thickness of the electrolyte layer on the corrosion rate was explained by
many researchers [3-15]. It was reported previously that the thickness of the electrolyte layer affected a
number of processes, e.g. the accumulation of corrosion products, the mass transport of dissolved
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oxygen as well as the hydration of dissolved metal ions [16]. A recent work has been done to explain
the local corrosion in an electrolytic droplet rather than in a thin film [17]. Electrochemical Impedance
Spectroscopy is a well established technique for the investigation of the atmospheric corrosion of
different metals under a thin electrolyte layer [12-3, 18-19]. The concentration and thickness of the
thin electrolyte layer on a metal surface exposed to atmospheric conditions change due to the due to
the natural processes like water evaporation, and moisture adsorption. Atmospheric corrosion research
studies have also used electrolyte droplets to simulate the local environment [17, 20]. The
hydrophilicity/ hydrophobicity of a material is usually determined by measuring contact angles of
drops of liquid on the material surface. If the material is water-repelling (hydrophobic), a water drop
on the surface of a material will have a contact angle, 0, greater than 90 degrees. Otherwise, if the
material is water-attracting (hydrophilic), the contact angle will be less than 90 degrees. In our
previous work [4, 10. 19] we monitored the changes in corrosion rate under thin electrolyte layers. In
this work, the corrosion rate of copper under a single droplet of NaCl will be investigated. The work
will extend to monitor the changes in contact angle, volume loss and the height of the droplet during
the progress of the corrosion process.

2. EXPERIMENTAL PROCEDURE

2.1. Material and electrode preparation

Two-electrode cell configuration was fabricated from copper sheet (99.99) with dimensions
1mm (width) and 10 mm (length) and embedded parallel in an epoxy resin with 0.1 mm apart from
each other. Prior to experiments, the electrode was polished with SiC emery paper down to #2000.
The cell containing the two metal plates was set horizontally on an acrylic vessel with the metal
surface facing upwards.

2.2 Electrochemical impedance spectroscopy (EIS)

The impedance measurement was conducted at 10 kHz and 10 mHz, using multichannel
Solartron system 1470E. The polarization resistance (Rp) was determined by subtracting the high
frequency impedance at 10 kHz from the low frequency impedance at 10 mHz.

2.3. Monitoring the droplet characteristics

The changes in contact angle, volume loss and droplet height during the progress of corrosion
process will be monitored using a drop shape analysis system (DSA-100, Kruss, Germany) with
analysis software DSA4 software (V.1.0-03).
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2.3. Corrosion products Morphology

The morphology of the corrosion products was examined by utilizing optical microscopy
(Olympus BX-53) fitted with DP72 digital camera). Images were processed using Olympus CellSens
v1.6.

3. RESULTS AND DISCUSSION

3.1. Monitoring the corrosion rate

Droplet shape at zerotime

&—> Dropletshape after two hours

Figure 1. Droplet shape at zero time and after 2 hours.

A single droplet of 0.5M NaCl was placed horizontally as shown in Fig. 1 The polarization
resistance (Rp) between two frequency points (10 mHz and 10KHz) was monitored using EIS
technique. The corrosion rate is proportional to the reciprocal of polarization resistance and can be
calculated using the Stern— Geary equation [21]:

Corrosionrate= K/Rp @
K =ba.ba/2.303(ba + bc) (2)

where ba and bc represent anodic and cathodic Tafel slope, respectively. The value of K is a
function of metal and electrolyte [4,10,19] and can be assumed to be constant for a given
metal/electrolyte system. Previously, EIS technique was successively applied to monitor the corrosion
rate of the steel, coated steel and metals under wet—dry cyclic condition and thin electrolyte layer [12-
13, 22-24]. The monitoring data is shown in Fig. 2. The corrosion process can be divided into two
distinct regions. The first region is characterized by dissolution of oxide film followed by metal
dissolution. The corrosion process is controlled by anodic dissolution in this region and the behavior is
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similar to the behavior of the metal in bulk solution. In region I, the corrosion rate sharply increases as
time progresses.

Figure 2. Variation of reciprocal of polarization resistance (1/Rp) with time.

The results can be explained on the basis of thinning process of the droplet due to evaporation
process, which accompanied by an increase in NaCl concentration and decreasing the droplet height.
As the droplet height decreases the corrosion process occurred under thin electrolyte layers and is
controlled by oxygen reduction, which enhanced by diffusion of oxygen through a shorter path when
the droplet height decreases.

3.2. Monitoring the Contact angles

Contact angles contain information about hydrophilicity or hydrophobicity of a surface, which
plays an important role in the interaction of the liquid with exposed surface. Fig.3 shows the
monitoring data of contact angle with holding time. It is clear that contact angle decreases with time
from 85 to 24° due to the evaporation of the water as time progressed. The observed fluctuations in
contact angle values during the last stage of monitoring can be attributed to the roughness of the
surface due to the precipitation and dissolution of the corrosion products. In addition, deposition of
NaCl crystals may form an insulating layer, which acts as a new substrate and give rise to more error
in contact angle measurements. During the last stage of droplet drying, the contact angle is not
related to the wettability, especially after complete drying. It can be concluded that the decrease in
contact angle with holding time is accompanied by decreasing the surface energy and the wetting
properties of the copper surface with time.
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Figure 3. Dependence of contact angle on holding time.
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3.3. Monitoring the volume loss and the droplet height

Vi

Figure 4. Changes of volume loss with holding time.

Monitoring data of volume loss and droplet height with holding time are shown in Figures 4
and 5, respectively. The volume loss increases linearly with time, while the droplet height decreases.



Int. J. Electrochem. Sci., Vol. 8, 2013 5237

During evaporation, the droplet height decreased and its concentration increased. The increase in
volume loss could be attributed to an increase in the amount of water evaporation in the droplet or the
consumption of the droplet by the corrosion reaction and is accompanied by a decrease in droplet
height.

Figure 5. Variation of droplet height (1/Rp) with time.

circular contact
area formed from NacCl
crystals

Figure 6. Photomicrograph representing the circular contact area after complete drying of the droplet.
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This might indicate the corrosion progression between the droplet and the copper surface
increases. The height of the electrolyte drop decreases with holding time (Fig. 5) due to the loss in
droplet volume as a result of water evaporation or the consumption of the droplet by the corrosion
reaction. The droplet height can influence the rate of oxygen reduction when the rate is under diffusion
control and has no effect for higher droplet height because the rate of corrosion is under anodic
control. It can be concluded that the droplet height decreased as time progressed, while the circular
contact area of the droplet did not change during drying as evident from photomicrograph shown in
Fig 6. The results are in good agreement with that reported previously by Maier and Frankel [25] and
Hastuty et al. [26].

3.4. Corrosion products morphology

Corrosion products

NaCl Crystal

Figure 7. Photomicrograph representing the distributions of the corrosion products on the copper
surface after complete drying of the droplet.

The morphology of the corrosion products after 4 hours is shown in Fig. 7. It is clear that
heavy corrosion products are observed in the centre and secondary spread regions. Droplets have been
dried to be a solid corrosion product by a corrosion reaction between the copper, or the corrosion
reaction has almost been finished and the droplet has turned out to be a solid corrosion product with
almost the same shape as the original droplet. It is expected that the center remains acidic, while the
peripheral region will be slightly alkaline due to the reduction of O,. It can be seen also the formation
of NaCl crystals after complete droplet evaporation. Corrosion products and salts form in the central,
peripheral and secondary spread regions as the droplet evaporates. Various crystalline phases of
corrosion products have been identified previously for copper corrosion in NaCl solution using XRD
[23]. The main oxide identified in the corrosion products is Cu,O [23]. It can be seen that the major
corrosion products distributed over the central, peripheral and secondary spread regions are Cu,0,
Cuy(OH)sCl and Cu,ClI [23].
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3.5. Corrosion Mechanism within a droplet

As corrosion commences, electrochemical reactions become spatially separated due to
differential diffusion of O,. The anodic reactions established near the centre of a droplet, while and the
cathodic reactions occurring at the edge of the droplet [1, 27-28]. The anodic dissolution of copper
occurs within a droplet of higher height as in region | (Fig. 2) as follows:

Cu =Cu* + 2e (3)

Due to variant and evolving local conditions within a droplet, a distinct oxide (Cu,O) may
develop in spatially different location. As the time progresses the height of droplet decreases and the
concentration of the NaCl increases, which is accompanied by an increase in corrosion rate as
observed in region Il (Fig. 2). The corrosion process in this region can

be described by a reduction of oxygen as:

2H,0 + 0, + 4¢" = 4OH (4)

The peripheral region will develop an alkaline pH due to the reduction of O, to hydroxyl ions
[7]. The development of pH and ion concentration gradients can lead to the formation of other products
as Cu,(OH)sCl and Cu,Cl [23]. During the last stage of evaporation the concentration of dissolved salt
progressively increase towards saturation, with the precipitation of corrosion products as Cu,O,
Cuy(OH)3ClI and Cu,Cl as shown in Fig. 7, which shows the images of the corrosion products after
complete drying.

4. CONCLUSIONS

1- The electrochemical impedance spectroscopy is a powerful technique for determination the
corrosion rate under a single droplet.

2- The experimental set up has been proven to be a useful for gaining detailed about droplet
electrochemistry.

3- Corrosion rates were greatly accelerated as the droplet height decreases and did not alter
significantly for higher height droplet.

4- The droplet height decreases as time progresses, while the circular contact area of the

droplet did not change after complete drying
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