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Abstract. In this paper, a thin stearic acid (SA) film was deposited onto the polyurethane (PU)
coatings with different concentrations of stearic acid in the ethanol (1 wt.%, 2 wt.% and 3 wt.%) by
centrifuged technique. Fourier transform infrared spectra (FTIR) and water contact angle (WCA)
method were performed to characterize and evaluate the hydrophobic layer formed on the surface
of the samples. Then, the barrier property of the PU/SA was assessed by using electrochemical
impedance spectroscopy (EIS) and accelerated salt spray test method. The results show that the
presence of the stearic acid layer was effective for both hydrophobic and barrier properties, espe-
cially the samples prepared with 3 wt. % stearic acid. This work landmarks the need for improving
the protection ability of polyurethane coatings for a metallic substrate.
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1. Introduction

Due to high mechanical strength and inexpensiveness, steel has been one of the popular
materials for outdoor construction [1]. However, steel is severely degraded when exposed to out-
door environments, especially marine and industrial environments [2]. To prolong the life of steel,
various effective methods have been studied and applied to enhance corrosion protection, such
as: organic/inorganic coatings and cathodic protection [3,4]. Organic coatings such as epoxy,
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polyurethane, and acrylic coatings prevail in use to prolong the life of steel due to their low cost.
Organic coatings have acted as a physical barrier, which prevented the steel surface to be exposed
to corrosive media [5, 6].

Electrochemical impedance spectroscopy (EIS) is a popular non-destructive technique to
evaluate the shielding ability of organic coatings [7, 8]. The shielding ability of organic coat-
ings significantly affects the impedance response of metallic surface/coatings systems when small
amplitude alternating voltage signals are applied [3,7]. Cai et al. assessed the barrier ability
of PU coatings without and with addition of CeO, nanoparticles on AA7075 substrate by using
EIS [9]. The low-frequency impedance (Zomp;) reduced obviously and two semicircles were ob-
served from Nyquist plot after one cycle of aging tests, confirming that the water molecules and
aggressive ions penetrated through the PU coatings and led to decreased shielding ability of PU
coatings [9]. Li et al. also used EIS to study the durability of waterborne polyurethane (WPU)
coatings containing Ce-MMT nanocomposite on carbon steel [10]. The authors indicated that the
WPU coatings with higher impedance value had good shielding ability, which limited the entry of
aggressive species from the environment into the substrate [10].

During exposure of sample to a corrosive media, water molecules penetration into the or-
ganic coating can decrease adhesion of coatings, which can be detrimental to corrosion resistance
of substrates. Water contact angle (WCA) test is used for the hydrophobic property of organic
coatings [11]. Xiao et al. and Ye et al. investigated the hydrophobicity of epoxy coatings by
WCA, their results suggested that the coatings with better hydrophobicity also had higher Zg g1,
values [12, 13]. It indicated that the hydrophobicity of coatings can significantly influence their
barrier property as well as mechanical strength.

To improve the hydrophobicity of the organic coatings without modifying their structure,
hydrophobic-enhanced organic coatings have been studied and developed. Stearic acid (SA,
CH3(CH»)16COOHR) is a biocompatible and environmentally friendly natural saturated fatty acid
with a hydrophobic methyl group [14]. Previous studies successfully prepared surfaces with hy-
drophobic organic coating by using stearic acid solutions [15]. Penna et al. prepared stearic acid
modified with alumina nanoparticles as a top layer onto bottom epoxy coatings [15]. WCA results
indicated that the stearic acid coating exhibited superhydrophobic properties and low interactions
with water droplets at the surface [15].

In this work, the shielding ability and hydrophobicity of PU coating were improved by a thin
stearic acid layer. The appearance of stearic acid coating on surface of PU coating was investigated
by Fourier-transform infrared (FT-IR). The WCA test was used to evaluate the hydrophobicity of
their PU coatings. The shielding ability of PU coatings without and with stearic acid layer was
investigated by EIS and salt sprays tests.

2. Experiment

2.1. Materials

Stearic acid (95%) from Sigma Aldrich was used to make thin film. The used polyurethane
coating was a bicomponent system obtained from Nippon Polyurethane Industry. The resin is poly-
acrylate (ACRYDIC AC-3596-AR, Thailand) with a solid content of about 70 wt.% and the OH
value in the solid function is 55-65 mgKOH/g. The polyisocyanate-based hardener (CORONATE-
HX, Japan) is solvent-free (solid content > 99.4 wt.%) with an NCO content of about 20.5 - 22%.
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2.2. Preparation of polyurethane coatings

For preparation of coating systems, carbon steel samples with dimensions of 10 x 15 x 0.2
cm were used. The surface of samples was polished with abrasive papers 400 grades then cleaned
and dried. Then, the polyurethane coatings were applied to steel plates by a spin coating method
at 300 rpm in 30 second. These coatings were dried in 72 hours at ambient condition before being
applied a thin film of stearic acid. The thickness of dried PU coatings was 40 & 3um (measured
by using the Minitest 600, Sheen).

2.3. Fabrication of polyurethane/ stearic acid coating

Due to the low solubility, the A solution of stearic acid at 3 concentrations in ethanol (1,
2, and 3 weight %) was prepared at ambient condition. The thin stearic acid layer on PU covered
steel plates was formed by spin-coating method (speed of 1000 rpm in 30 seconds) as described in
Fig. 1. The PU coatings with SA layer formed at SA concentrations of 1 wt.%, 2 wt.% and 3 wt.%
were named PU/SA1, PU/SA2 and PU/SA3. The thickness of the stearic thin film was negligible
compared with the thickness of the original PU coating. The stearic acid film did not change the
thickness of the PU coating.
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Fig. 1. Preparation process of the recovered PU coating by stearic acid.

2.4. Analytical methods

Fourier transform infrared spectra (FTIR) of the pure PU coating and the stearic thin film
covered PU coatings with different concentrations were measured on Nexus 670 Nicolet spec-
trometer with resolution at 32 cm™! using Attenuated Total Reflectance (ATR) mode. The spectra
were obtained in the region of 600 - 4000 cm™'.

The wetting angle of the samples was determined on an OCA 50 Dataphysics instrument
(Germany) by a sessile drop according to the diameter and height of a drop of distilled water with
a volume of 5 L applied to the sample.

The barrier properties of coating samples were examined by electrochemical impedance test
with a Biologic SP300. The impedance spectra of the coatings were measured by a 3-electrode
system: coated steel as working electrode, saturated calomel (SCE) as reference electrode and
platinum grid as counter electrode. The samples were glued by cylindrical PVC pipes containing
3% NaCl electrolyte solution. The contact area of the sample surface with the aggressive medium
was 28 cm?. The electrochemical impedance test was done with a frequency interval from 100
kHz to 10 mHz. For each coating system, three samples were done.

PU samples with stearic thin films were tested in a Q-FOG CCT-600 chamber according to
ASTM B117. The exposure time was 168 hrs. For each coating system, three samples were tested.
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3. Results and discussion

FTIR spectra was used to determine the presence of the hydrophobic layer onto the polyurethane

coating. While water contact angle test, electrochemical impedance spectroscopy and the salt-
spray test were performed to study the effect of the stearic acid layer on the barrier properties of
the organic coating system.
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Fig. 2. FTIR spectrum of PU with and without stearic acid (indicated in the figure).

Figure 2 shows the FTIR spectra of PU coatings with and without treatment by stearic acid
solution at different concentrations. The spectrum of pure PU displayed the peaks at 3378 cm’!
and 1721 cm! corresponding to the stretching of C=0 stretching vibration of the carboxyl group.
The peaks at 2935 cm!, 2863 cm™! and 1454 cm™! represent the asymmetric, symmetric stretching
and the scissoring vibrations of -CH; in the PU matrix, respectively [16, 17]. The peak at 1683
cm™, 1537 cm’! and 1124 cm! can be correlated to the stretching vibration of C=N, C=0 and
C-N bond, respectively [18]. For the PU/SA coating samples with the presence of stearic acid on
the surface, all the characteristics peaks of PU are also observed. This result is explained by the
negligible thickness of the stearic layer deposited on the PU coatings. Because the concentrations
of the stearic acid in ethanol solution were very dilute, 1-3 wt.%, that could be introduced only
a very thin layer of stearic and the spectrum of FTIR technique can show both characteristics
peaks of stearic acid and PU coating. Besides, stearic acid is a fatty acid with -CH and -COOH
groups that were also represented in the FTIR spectrum at these peaks around 2935 cm™!, 2863
cm™ and 1721 cm’!, respectively [17]. The spectra of the coatings containing SA show that the
intensity of the peak at 1683 cm™' decreases with the increase of the stearic acid concentration,
compared to the intensity of the peak at 1721 cm™'. It can be due to the presence of stearic acid
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on the surface of the PU coating, which leads to an increase in the ratio between the C=0 bond
(represented in the structure of both polyurethane and stearic acid) and the C=N bond (represented
in the structure of only polyurethane). Moreover, the peak at around 1537 cm™ can be seen on the
spectra of all samples, but for the PU containing SA, it has been slightly shifted, compared to pure
PU. These changes can be attributed to the interaction of C=0 groups between the stearic acid and
the polyurethane coating.
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Fig. 3. Contact angles of PU, PU/SA1, PU/SA2 and PU/SA3 as a function of time (a)
and after 120 seconds tested (b).

The presence of the top thin SA layer had affected the wettability of polyurethane surface.
The hydrophobic character of PU coatings with and without treatment was illustrated by water
contact angle (WCA) measurements. The WCA values of tested coatings are shown in Fig. 3. The
coatings with SA layer on the surface exhibited better hydrophobic ability than the PU coating.
Fig. 3(a) displays the WCA values of the coatings as a function of the water droplet contacted
time. The pure PU coating represented the smallest WCA values at the beginning of the test
(73.5°) that decreased with the exposed time (72.0° after 120 seconds). While the coatings treated
with 1 wt.% and 2 wt.% of the SA solution have a better hydrophobic character than the pure PU
coating (74.4° and 76.5° at the beginning, respectively), but they displayed a decrease in the WCA
values as a function of exposed time. For the PU coating treated with 3 wt.% of the SA solution,
the WCA value of this sample was almost stable throughout the WCA measurement, 80.0°. After
120 seconds, the PU/SA3 illustrated the best WCA value. Meanwhile, the hydrophobic property
of the PU/SA1 and PU/SA2 was slightly better than the pure PU coating (Fig. 3(b)). The results
can be explained by the formation of the stearate layer on the surface of the PU coating, which
represents a hydrophobic character. And the higher the concentration of SA solution treatment
used, the greater the number of hydrophobic groups presented on the surface of the PU coating
(PU/SA3 > PU/SA2 > PU/SA1 > PU).

Because of the formation of the thin hydrophobic layer on the surface, the properties barrier
of PU coatings was enhanced. Fig. 4 shows the EIS spectra of PU with and without treatment by
stearic acid solution after 1 day, 4 weeks and 8 weeks of the immersion in the 3 wt.% NaCl
solution. In the first day of immersion time (Fig. 4(a) and 4(a’)), the Bode plots disclosed a
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Fig. 4. Impedance diagrams of PU, PU/SA1, PU/SA2 and PU/SA3 (indicated into the
figures) obtained after a day (a, a’), 4 weeks (b, b’) and 8 weeks (c, ¢’) immersed in a 3
wt.% NaCl solution.

remarkably larger impedance modulus value (from 3.10° Qcm? to 1.10'° Qcm?), and the phase
angle remained from 80° to 89° at high frequency for all samples. These results can be explained
by a good barrier property that prevented the penetration of the electrolyte throughout the coatings.
However, for the PU/SA coating, at the low frequency, it formed a second time constant with 65°
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of phase angle, that is due to the slight diffusion of the electrolyte into the coatings. After 4 weeks
exposed, the Bode phase angle diagram clearly showed one time constant (the phase value obtained
at the low frequency range was close to 0°), and the impedance values of PU without treatment
significantly decreased, around 3.107 Qcm?, correspond to the resistance of PU coating (Fig. 4(b)
and 4(b’)). This phenomenon can be explained by the complete penetration of the electrolyte
solution into the PU coating, and the corrosion phenomenon began to process. For the PU/SA1
and PU/SA2, their impedance values also decreased after 4 weeks of immersion time, and they
presented two time constant. However, these values remain still high, 4.10% Qcm? with the phase
angle of 20° and 30° corresponding to PU/SA1 and PU/SA2, respectively, at low frequency. It
can be attributed to the presence of the hydrophobic layer on the surface, and no corrosion product
was observed. Fig. 4(c) and 4(¢’) illustrate the electrolyte penetration phenomena into the coatings
after 8 weeks immersed in the NaCl solution. It evidently represents the difference between the
coatings treated with the stearic acid solution at different concentrations. After this period, only
PU/SA3 had a very high impedance value, 6.10° Qcm? and represented only one time constant.
It had approximately unchanging from the beginning. For the PU/SA2 coating, the impedance
value has slightly decreased, but it remains higher than the other coatings, except for PU/SA3.
Meanwhile, the impedance value of the PU/SA1 coatings decreased close to untreated PU, it
exhibits a worse barrier property of PU/SAT than that of PU/SA2 and PU/SA3. After 8 weeks of
exposure in a 0.5 M NacCl solution, it can be concluded that the presence of a hydrophobic layer
on the surface of the coatings can improve the barrier properties. This layer was denser, the barrier
property of the coatings was better, PU/SA3 > PU/SA2> PU/SA1 > PU.

The barrier property of the coatings was also evaluated by using the salt spray test. For this
aim, the sample was placed into the test chamber without artificial scratches. Fig. 5 presents the
optical photographs of the PU coatings with and without SA treatment after 168 hours performed
in the salt-spray chamber. It can easily observe the corrosion production on the surface of non-
treatment PU coating. For the PU/SAT1 coating, there was a corrosion phenomenon, but it did
not mark compared to non-treatment PU. On the other hand, after 168 hours exposed in the salt-
spray chamber, there were no corrosion products or swelling points observed on the surface of the
PU/SA2 and PU/SA3 coatings. The results confirm that the SA hydrophobic layer can prevent
not only the penetration of electrolyte solution, but also the diffusion of moisture and CI" into the
tested coatings. The results showed good agreement with the WCA and EIS measurements.

4. Conclusion

PU coatings were covered with a thin hydrophobic organic layer by dipped in the stearic
acid (SA) solution with different concentrations. With the presence of SA film, the WCA value
of treated PU coatings was greater than the PU coatings without treatment. From 2 wt.% con-
centration of SA treatment solution, the effect of the hydrophobic layer showed remarkable. The
PU/SA3 showed the greatest WCA value and was stable during the WCA measurement. More-
over, with high hydrophobic effect on the surface, the PU/SA3 coatings also provided a great
barrier property. It can prevent the penetration of the electrolyte containing corrosion agent after
4 weeks of immersion time and the moisture with the concentrated CI” ions after 168 hours of
exposure in salt-spray chamber. This work proposes a facile method to enhance the protection of
the organic coatings against the corrosion of the metal substrate.
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Fig. 5. Optical photographs of PU, PU/SA1, PU/SA2 and PU/SA3 after 168 hours tested
in the salt-spray chamber.
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