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Abstract

Hydrophobic PEO coatings were fabricated in an electrolyte containing potassium stearate. The wetting behaviour of coated samples was
studied using dynamic and static contact angle. Also, the corrosion behaviour of the samples was evaluated by polarization method. The dynamic
contact angle and hysteresis of the contact angle for PEO coating were evaluated by Wilhelmy plate method. There was an increase in the contact
angle of the nanocomposite and traditional PEO coatings when potassium stearate was added to the electrolyte up to 130°. The more hydrophobic
coatings, showed more corrosion resistance in 3.5 wt.% NaCl solution. The synergistic effect of potassium stearate and nanoparticles increased the

hydrophobicity because of assembling of fatty acid on ceramic powder.
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1. Introduction

Plasma electrolytic oxidation (PEO), also known as Micro Arc
Oxidation (MAO), is a promising novel process which has the
capacity of fabricating a stable and adherent oxide layer on
metals, such as Mg. This process is based on the anodic oxidation
of the metal when connected to the high-voltage source which
has been immersed in a proper electrolyte. The combination of
the electrolyte solution has an effect on the stability of the passive
layer, size and distribution of sparks and formed phases.

PEO process provides the possibility for fabrication of hydro-
phobic coatings. The method of PEO on magnesium (Mg), by
incorporation of PTFE nanoparticles suspended in electrolyte in
a single step, were used for the fabrication of a thick and hydro-
phobic coating layer [1]. These PTFE containing coatings shift
the corrosion potential to more noble values and consequently,
decrease the corrosion rate [1]. In some papers, saturated fatty
acids have also been used in two steps after oxidizing [2]. Anod-
ized aluminium was used as a substrate for treatment with dilute
ethanolic solution of stearic acid, and super hydrophobic coating
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was fabricated [3]. Myristic fatty acid in the form of ethanolic
solution and pure molten acid also have been used to modify the
surface energy of anodized aluminium coatings [4].

PEO can also serve as a pre-process for another coating
process in order to attain any arbitrary wetting contact angle for
coating. Multiple-step superhydrophobic coating on the surface
of magnesium has been investigated by researchers [5,6], using
PEO treatment. Sol-gel method has been applied for the depo-
sition of silane compounds on magnesium substrate [7]. PEO
coating is much more noble than nanocomposite silane. There-
fore, the coating formed by adding silane to pure PEO becomes
generally more active; however, due to superhydrophobicity, its
corrosion resistance increases [7].

In this paper, one-step method was used for the fabrication
of a hydrophobic PEO coating. Saturated fatty acids containing
hydroxyl groups were added to the electrolyte of PEO in order to
react with the surface and to make it hydrophobic on Mg sub-
strate. Presence of nano and micro roughness are necessary for
superhydrophobic coating [8] and nanoroughness can be gained
by nanoparticle. In this paper, silicon nitride nanoparticles were
added to coating electrolyte to attain nanoroughness on surface.

The Wilhelmy plate technique is one of the most accurate
methods for measuring dynamic contact angles, and it is
superior to the other methods [9] due to the following reasons:
(1) precision of contact angle estimation due to detection with

2213-9567/© 2017 Production and hosting by Elsevier B.V. on behalf of Chongqing University. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:maliofkh@gmail.com
mailto:khazraei@modares.ac.ir
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jma.2017.06.002&domain=pdf
http://www.sciencedirect.com/science/journal/22139567

S.S. Farhadi et al./Journal of Magnesium and Alloys 5 (2017) 210-216 211

a sensitive microbalance, which is free from the operator error
arising from determination by eye; (2) high reproducibility due
to the large scanning area of substrates (centimetres across) and
bulk liquid.

2. Experimental

Investigated variables in this paper are the concentration
of the potassium stearate in the presence and absence of
nanoparticle. In this study, commercially pure magnesium alloy
sheet having a thickness of 1 mm was utilized. Samples were
prepared in square shapes with equal sides of 3 cm. Before PEO
coating process, acid pickling process was carried out in 10
wt.% sulfuric acid solution. A home-made 20 kW PEO coating
system with stainless steel cathode was used. A neutralization
process of potassium hydroxide of pure stearic acid was chosen
to generate potassium stearate (C;sH3sKO,). Then potassium
stearate was dissolved in electrolyte of PEO coating at 80 °C.
Besides, silicon nitride nanoparticle was used as suspension
inside the electrolyte. The TEM image of used silicon nitride
(SisNs — average size of 37 nm) nanoparticle was captured
using a Philips CM-180 transmission electron microscope
(Fig. 1). Pure sodium phosphate with a concentration of 8 g/L
served as the base of the electrolyte. Potential variations during
the coating process were registered using a professional APPA
505 multimeter, with a sample rate of 2 samples per second.
PEO coating process was performed by determining two addi-
tive concentrations in the presence and absence of SizN4
(Table 1). The time taken for the coating process and its current
density were 5 min and 28 mA/cm?, respectively.

Fig. 1. TEM image of Si;N4 nanopowder.

During the roughness test, the average roughness (R,) of all
coatings was measured using the Taylor Hobson Surtronic-25
roughness tester. To investigate the surface morphology of the
samples, a Philips XL30 scanning electron microscope (SEM)
was used. The TEM of samples was captured using a Zeiss —
EM10C — 80 KV TEM.

To evaluate the wettability of coatings, two concepts includ-
ing static and dynamic contact angle and contact angle hyster-
esis should be considered. The study of wetting under dynamic
conditions can be performed using the Wilhelmy plate method,
by recording the force acting on the solid as it moves through
the liquid/air interface at a constant speed.

The AND GR-202 analytical balance was coupled to a
hydro-pump for conduction of the Wilhelmy plate test. The
test was carried out at an immersion rate of 0.15 mm/s.
Measurement of contact angle was done using the AM413zt
Dino-lite digital microscope. 10 UL drops of deionized water
were infused on the specimen surface. An image analyzer
was used to measure the arc length facing the intersection of
drop—surface interaction which is equal to the sum of the two
interior angles. An average of 6 contact angle measurements
was used as the results of the static contact angle.

Electrochemical tests were carried out via polarization per-
formed by the EG&G model 273A potentiostat/galvanostat
in 3.5 wt.% NaCl solution. After half an hour, when all of
the coatings have reached their stable open circuit potentials
(OCP), test was carried out in a flat cell of 0.21 cm? area. Then,
polarization test was performed between —0.3V and +0.3V
versus OCP. Corrosion test was done using power suite version
2.5 software with scan rate and scan height of 1 and 2 mV/s,
respectively. The calomel reference electrode was used.

3. Results and discussion

The coating roughness of different samples is presented in
Table 2. The roughness results for S-0-1 and R-0-0 samples
show that the additive caused a great increase in roughness
criterion to 1.89 um. A comparison of S-0-1 and S-0-2 samples
revealed that the concentration of potassium stearate is inversely
correlated with the roughness, and also R, reached 1.6 um.
Effects of potassium stearate on roughness of nanocomposite
coating are similar to the behaviour of traditional coatings in the
presence of additive. It seems that the nanoparticle suspension
decreased in surface roughness and this value is in good agree-
ment with the results of other researchers [10].

Fig. 2 illustrates the SEM images of different samples. High
magnification on the nanocomposite coatings (Fig. 3) revealed

Table 1 Table 2

Combination and condition of coating process. Roughness of the coatings.

Sample code  Nano powder concentrate (g/L)  Additive concentrate (g/L) Sample code R, (um)
S-0-1 0 1 S-0-1 1.89
S-0-2 0 2 S-0-2 1.63
S-5-1 5 1 S-5-1 1.15
S-5-2 5 2 S-5-2 0.933
R-0-0 0 0 R-0-0 0.842
R-5-0 5 0 R-5-0 0.733
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Fig. 2. SEM images of the free coating surfaces, showing (A) S-0-1, (B) S-0-2, (C) S-5-1, (D) S-5-2, (E) R-0-0, and (F) R-5-0.

that the presence of nanoparticle in electrolyte with potassium
stearate created new phases on the surface of the coating. The
structure of this phase is similar to the nanosheets deposited
from the stearate chain which was previously reported in
ethanolic stearic acid solution by Huang et al. [11]. These
sediments have low surface energies, and also their large
surface and roughness property can lead to increase in contact
angle from hydrophilic to hydrophobic, and this will be dis-
cussed in the contact angle results.

Fig. 4 illustrates the AFM images of the sheet-shaped struc-
ture observed in Fig. 3 on the S-5-1 coating’s surface. The rough-
ness profile has been plotted for the line specified in Fig. 4 and
shown in Fig. 5. The width of a sheet in the roughness profile is
approximately 410 nm which seems larger than the observed size
in Fig. 3 due to the laminated deposition of several layers.

Fig. 6A shows the photograph of a cross-section of
nanocomposite coating related to the S-5-1 sample taken by a
transmission electron microscope. A matrix of amorphous mag-
nesium oxide and dispersed silicon nitride particles can be
observed in Fig. 6A.

Fig. 6B shows the photograph of alcohol dispersed
hydrophobic nanoparticle related to the S-5-1 sample taken by

a transmission electron microscope. Agglomerated chains of
stearate assembled on nanoparticle and made it hydrophobic.
Hydrophobic nanoparticles are insoluble in water and deposited
on coating surface. Other researchers [12] used fluorine based
functional nanoparticle to increase hydrophobicity so it is
possible that stearate assembled silicon nitride has increased
contact angle.

The curves of the Wilhelmy plate force versus immersion
depth are shown in Fig. 7. Results of static contact angle,
contact angle hysteresis, and surface tension are calculated
from Fig. 7 which is also reported in Table 3. The result of
Wilhelmy plate test showed that immersion (advancing contact
angle) data have more negative force than emersion data
(receding angle angle) and this indicates that the coating was
wetted [13]. The immersion data of Wilhelmy plate is jagged
but emersion data are smooth, which is compatible with the
results obtained by other researchers [14]. The additives had no
significant effect on the receding dynamic contact angle which
confirms the results obtained by other researchers [15] on the
effect of composition on wettability. The hysteresis of the
Cassie—Baxter model in Wilhelmy plate was less than 10° [16],
therefore the Wenzel model was dominant on this coating which
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Fig. 3. SEM image of surface of nanocomposite samples including (A) S-5-1 and (B) S-5-2.

was realized by an extension of the hysteresis contact angle. At the micro-scale, traditional coatings (S-0-1 and S-0-2)
Extension of hysteresis contact angle by potassium stearate showed more roughness properties as compared to the
additive increased the work of adhesion [17] and made the nanocomposite coatings (Table 2); however, nanocomposite
coating sticky. coatings (S-5-1 and S-5-2) and specimens showed more
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Fig. 4. AFM images of the surface of S-5-1 sample (A) two-dimensional, (B) three-dimensional.
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Fig. 5. Roughness profile of the line specified in figure 5.
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Fig. 6. TEM image from scratched debris of sample S-5-1 (A) water dispersed coating particles, (B) alcohol dispersed coating particles.

roughness at the nano-scale due to the deposition of stearate
chains (Fig. 3). All traditional and nanocomposite specimens
showed roughness criteria lower than 2 um (Table 2). The
minimum roughness criterion to attain Cassie and Baxter model
is reported as 8 um [18]; consequently, the PEO coating have
no sufficient roughness to attain the Cassie and Baxter model.

Two mechanisms exist for surface tension modification.
The first mechanism is Self-Assembled Monolayer which

occurs by smooth surface [19,20] and the second mechanism
is the deposition of a low energy flower-like structure shape
[21] which is accompanied by increase in roughness. Conse-
quently, it can be concluded that stearate nanosheets possess
both prerequisites for achieving hydrophobicity, including
low surface energy effect and roughness effect. The contact
angle of the S-0-1 sample is 131 degrees, according to Wenzel
models, and the contact angel is affected by surface roughness

Force (mN)

Immersion Depth (mm)

Fig. 7. Curves of Wilhelmy plate force vs immersion depth for the specimens.

Table 3
Wettability results of the coatings.
Sample code Static contact Advancing contact Receding contact Hysteresis contact Surface
angle (degree) angle (degree) angle (degree) angle (degree) tension (N/m)
S-0-1 131 107 60 47 16
S-0-2 125 110 63 47 14
S-5-1 91 104 62 42 18
S-5-2 110 106 60 46 16
R-0-0 49 96 64 32 24
R-5-0 44 82 63 20 35
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Fig. 8. Curves of polarization test results for the coatings.

based on the following equation in which “r” is the roughness
factor [22]:

Cos 0O, =7 Co0s O (1)

In the case of sample S-0-1, the roughness factor of the
surface is nearly 2 for the Wenzel equation because the lowest
surface energy [8] is attributed to the 111° contact angle and
S-0-1 sample just could increase the contact angle by surface
roughness. Advancing and receding contact angles are used
in Chibowski formula [23] to calculate the surface tension.
Regarding the Wenzel model wettability, surface tension value
obtained from the thermodynamic equations was calculated for
a roughness coefficient equal to 2 using the Chibowski formula
reported in Table 3.

Comparing the static contact angles of S-0-1 and R-0-0
samples implies that the addition of potassium stearate to the
electrolyte of traditional coatings increased the static contact
angle from 49° to 131° and transited the specimen from hydro-
philic to hydrophobic coating. Potassium stearate with deposits
of organic stearate chains on the surface decreased the surface
tension for traditional coatings from 24 to 16 N/m.

The static contact angle is inversely correlated with an
increase in the concentration of potassium stearate in the
electrolyte of traditional coatings and finally reached 125° (by
comparing S-0-1 and S-0-2 angles) which confirmed all other
results [20].

The addition of potassium stearate in the electrolyte of
nanocomposite coatings increased the static contact angle from
44° to 91°. The static contact angle was found to be directly
correlated with the concentration of potassium stearate on the
nanocomposite coating and reached 110° and potassium stea-
rate decreased the surface tension by 54%. The different effect
of additive concentration on traditional and nanocomposite
coatings can be explained by the synergistic effect of potassium
stearate and nanoparticle. Assembling of fatty acid on ceramic
powder [24] caused an increase in the hydrophobicity. It seems

that the use of additive and nanoparticle together increased the
deposition of hydrophobic nanoparticles on the coating and this
is responsible for the increase in contact angle.

The highest static contact angle is related to the S-0-1
sample which provides a sufficient reduction in the surface
tension, in order to form a hydrophobic coating. However,
the PEO process did not provide the required roughness of
superhydrophobicity because roughness was not high enough
at the micro-scale to attain the Cassie and Baxter model and
decrease contact angle hysteresis.

Roughness criterion to attain more hydrophobicity [18]
was also reported for Wilhelmy plate [25] and it indicated that
rougher PEO coating was needed to attain the Cassie model and
also to decrease the Wilhelmy hysteresis extension.

Fig. 8 and Table 4 show polarization curves results for
the coatings. Comparing the corrosion behaviour of S-0-1 and
R-0-0 implied that potassium stearate possessed a decreased
corrosion rate for traditional specimens by fifteen-fold and a
changed corrosion potential from 0.3 V to more active values.
In spite of the fact that the additive is more active than the
substrate, it decreased the corrosion rate by increasing the
hydrophobicity, and this confirmed all other results [20].

By comparing the corrosion behaviour of S-0-2 and R-0-0
samples, it appears that the reduction of corrosion rate and
more active corrosion potential for ordinary PEO coating is
inversely correlated with the concentration of the additive. An

Table 4

Results obtained from polarization curves.

Sample code icor (A/cm?) Ecor (V)
S-0-1 6.0E-08 -1.94
S-0-2 3.5E-07 -1.83
S-5-1 2.0E-08 -1.76
S-5-2 1.0E-08 -1.78
R-0-0 9.0E-07 -1.65
R-5-0 2.5E-06 -1.75
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increase in the concentration of the additive reduced the corro-
sion rate by 2.5-fold because the concentration of the additive
had a reverse correlation as a result of hydrophobicity.

Potassium stearate showed 125-fold decrease in the corro-
sion rate of the nanocomposite coating (by comparing S-5-1
and R-5-0 samples). An increase in the concentration of potas-
sium stearate for nanocomposite coatings decreased the corro-
sion rate by 250-fold because of the more static contact angle.

For samples without additive (by comparing R-0-0 and
R-5-0 samples), nanoparticle increased the corrosion rate by
nearly threefold. The effect of the presence of nanoparticle with
additive is opposed to that of coatings without additive, because
of the synergistic effect of the nanoparticle and additive on
hydrophobicity.

Addition of potassium stearate shifted corrosion potentials
to the active values and decreased the corrosion rate which
confirmed the results obtained by other researchers in coating
of myristic acid on copper substrate [26], but nobler magnesium
coating was just reported on the super-hydrophobic surface
[6,27]. PEO is effective method by which the properties of
substrate can be improved [28-30], especially for Mg alloys
[31]. In this study, it can be concluded that by applying PEO
treatment, hydrophobic coatings can be obtained.

4. Conclusions

1 The addition of potassium stearate increased contact angle
by up to 131° and decreased the surface tension of coatings
up to 54%.

2 Potassium stearate decreased corrosion rate of coating by up
to 250-fold.

3 Potassium stearate provides the required reduction in surface
tension for transformation into a superhydrophobic coating;
however, the roughness of the plasma electrolytic oxidation
process did not provide the necessary roughness to form a
superhydrophobic coating.

4 The use of additive and nanoparticle together increased
the deposition of hydrophobic nanoparticles (self-assembled
layer of fatty acid on ceramic powder) on the coating and this
is responsible for the increase in contact angle.
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