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Abstract—A series of waterborne polyurethane/functionalized multiwalled carbon nanotube (WBPU/-MWCNT)
nanocomposite dispersions was prepared using three defined concentrations of 0.5, 1.0 and 2.0 wt% carboxyl function-
alized multiwalled carbon nanotubes (FMWCNTs). All dispersions were coated on mild steel and exposed under natu-
ral weather condition for a maximum of 365 days. Both exposed and unexposed coatings were characterized by
potentiodynamic polarization (PDP) and X-ray photoelectron spectroscopy (XPS) analyses. The pristine WBPU coat-
ing showed slight degradation and corrosion protection. Inclusion of a higher content of fFMWCNTSs significantly
improved both the degradation and corrosion protection efficiencies of the coatings. Maximal degradation and corro-
sion protection was observed when 2.0 wt% f-MWCNT was mixed with WBPU for all of the coatings.
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INTRODUCTION

Polyurethane (PU) holds a unique position in the coating indus-
try because of its excellent mechanical strength, adhesive strength,
thermal stability and barrier resistance. PU consists of two seg-
ments: a soft segment and a hard segment. The soft segment is
commonly composed of a polyester or polyether polyol, whereas
the hard segment consists of a low molecular weight diol or diamine
reacted with diisocyanate [1,2]. By changing the soft and hard seg-
ments and their ratio, the properties can be tuned and applied to
many different applications. PU can be classified as either solvent-
borne or waterborne based on the solvent system during synthe-
sis. Solventborne PU is restricted because of the emission of toxic
solvent. However, waterborne polyurethane (WBPU) emits mainly
water and is considered an environmentally friendly coating [3-5].

The main environmental factors that cause weather degradation,
resulting in corrosion of organic coatings, are ultraviolet (uv) radi-
ation, oxygen and water [6,7]. To reduce degradation from UV
radiation, UV absorbers are often incorporated into coatings. Both
organic and inorganic absorbers are used to minimize degradation;
however, both have limitations. Organic absorbers sufter from migra-
tion and degradation over time, which limits their long-term sta-
bility in coatings. Inorganic absorbers suffer mainly from agglom-
erates and the tendency to migrate to bulk coating at high load-
ings [8-10]. Recently, nano materials have shown some promising
results in this regard [10-12].

Typically, the properties of polymer coatings are analyzed in the
lab under ambient conditions. Only few researchers have consid-
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ered artificial harsh weather conditions for analysis [13,14]. Rahman
et al. [13] studied the effect of dimethylolpropionic acid (DMPA)
and CNT content on the adhesive strength of the polyether-based
WBPU. The WBPU materials were used to adhered nylon fabrics.
The resistivity of this adhesive material was checked by applying
different defined temperatures. The adhesive strength increased
with inclusion of CNT at room temperature. However, the adhe-
sive strength gradually decreased with increasing temperature. Rah-
man and Kim [14] also found that the adhesive strength also de-
pends on polyol. They used different polyols [polyester polyols (M,=
2000), namely poly(tetramethylene adipate glycol) (PTAd) and
poly(caprolactone glycol) (PCL), and polyether polyols (M, =2000),
namely poly(tetramethylene oxide glycol) (PTMG) and poly(pro-
pylene glycol) (PPG)] in WBPU adhesive material. Poly(tetrameth-
ylene adipate glycol) based WBPU showed a good adhesive strength
even at moderate high temperature of 100 °C. However, from a
practical point of view; the coating properties are also subjected to
typical environmental stresses, such as high temperature, high hu-
midity and UV radiation. All of these factors can also induce coat-
ing degradation, which eventually induces metal corrosion. There-
fore, it is important to characterize the coatings after long exposure
under harsh conditions to avoid unusual behaviors when applied
in real practical fields.

Inhibiting the corrosion of metals is a critical part of the gas and
oil pipeline industry, which can be achieved by selecting proper
materials, using an external inhibitor or applying a coating [15-17].
The gas and oil pipeline industry has been facing tough challenges
because the most successful chromate-based coating has been
banned in accordance with environmental legislation [18,19]. In
the past decade, several environmentally friendly efforts have been
reported as a replacement for chromate-based coatings. Metroke
et al. examined silane coatings [19-22], which were found to im-
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prove corrosion resistance when the alkyl-silane reached a certain
value in the coating. Voevodin et al. found that a cerium-doped,
zirconium-epoxy sol-gel coating provided good corrosion inhibi-
tion [23]. Kinlen et al. reported a polyaniline, which can passivate
exposed metal areas, such as scratches and pinholes [24]. Markevi-
cius et al. examined copolymers of polyurethane-polyoligomeric
silsesquioxane coatings [25].

In the coating industry, carbon nanotube (CNT) nanocompos-
ites are being considered as promising candidates, because of their
extraordinary mechanical properties, thermal stability and supe-
rior conducting properties. Over the last decade, MWCNTs and
functionalized MWCNTs have been used in different polymers,
such as epoxy, acrylate and polyurethane. A homogeneous disper-
sion of functionalized multiwalled carbon nanotubes (FMWCNTS)
in those polymers has already been shown to significantly improve
their mechanical, thermal, barrier and adhesive strengths [26-29].
These properties can be further improved by choosing proper
monomers and balancing their contents, as well as increasing the
content of dispersed homogeneous f-MWCNTs. However, no stud-
ies have considered the use of FMWCNTs to protect the coating
from natural weather degradation, which would lead to a reduc-
tion in corrosion. In this report, WBPU/fMWCNT coatings were
prepared using three defined concentrations (0.5, 1.0, and 2.0 wt%)
of FMWCNTs. Kwon and Kim [30] used functionalized and non-
functionalized MWCNT in WBPU material. They compared the
thermal and mechanical properties of WBPU/MWCNT materials
based on their functionality. This has been confirmed as better im-
provement of properties using FMWCNTS than pristine FMWCNTS.
Therefore, in this study only fFMWCNTs were considered to im-
prove the degradation and corrosion properties of WBPU coatings.
Mild steel was used as a substrate and the coated samples were
exposed to natural weather conditions for 365 days. The visual
inspection was analyzed in the lab using potentiodynamic polar-
ization (PDP) and XPS techniques. XPS was also used to analyze
the degradation of the exposed coatings.

EXPERIMENTAL

1. Materials

Poly(tetramethyleneoxide glycol), (PTMG Mn=2000, Sigma
Aldrich) and poly(ethylene glycol), (PEG Mn=400, Sigma Aldrich)
were vacuum dried at 90 °C for three hours prior to use. Dimethy-
lolpropionic acid (DMPA, 98%, Sigma Aldrich), triethylamine (TEA,
>99%, Sigma Aldrich), N-methyl-2-pyrrolidone (NMP, 99.5%, Sigma
Aldrich), 4,4-dicyclohexylmethane diisocyanate (H,MDI, Sigma
Aldrich) and ethylene diamine (EDA, >99.5%, Sigma Aldrich) were
used after dehydration with 4 A molecular sieves for seven days.

Table 1. Temperature and humidity during the exposure time

Pristine MWCNT5 were functionalized as in a previous report [13].
Dibutyltindilaurate (DBTDL, 95%, Sigma Aldrich) was used as re-
ceived.
2. Functionalization of MWCNTs

The raw MWCNTs were washed with 20% hydrofluoric acid
for 5h and 22% nitric acid for a period of 10h and then subse-
quently washed with distilled water. The washed MWCNTs were
treated with boiled concentric nitric acid for a period of 0.5 h, and
the MWCNTS were washed with distilled water and acetone.
3. Preparation of WBPU Dispersion

A prepolymer mixing method was applied for the synthesis of a
pristine WBPU dispersion [14]. The NCO-terminated prepolymer
was obtained by reacting PTMG, PEG, DMPA and H,,MDI along
with DBTDL as a catalyst. The prepolymer mixture was then mixed
with 10 wt% methyl ethylketone to maintain its viscosity. The car-
boxyl group of the NCO-terminated prepolymer was then neu-
tralized using TEA. Distilled water (calculated 70 wt%) was added
to the reaction mixture after 30 minutes of neutralization under
intense stirring. EDA (mixed with water; 1 g: 10 g) was added to
the mixture to induce chain extension of the pre-polymer. WBPU
dispersions (30 wt% solid content) were obtained after evapora-
tion of MEK. The solid content was determined through the fol-
lowing calculation:

Solid content= Dry content x100%
Wet content

4. Preparation of WBPU/fMWCNT Nanocomposite Disper-
sion

WBPU/f-MWCNT nanocomposite dispersions were formed via
a physical intermixing process. Three defined concentrations of f-
MWCNTS (0.5, 1 and 2 wt%) were mixed with water using ultra-
sonication for 10 minutes. In another vessel, the prepolymer was
prepared by the same procedure as the pristine WBPU. The f-
MWCNTs/water mixture was added at the dispersion step. The
WBPU/f-MWCNT dispersion was chain-extended by dropping
an EDA/H,O mixture at 40 °C for 1 h, and the reaction continued
until the NCO peak (2,270 cm™) in the IR spectrum had completely
disappeared. After evaporation of MEK, the WBPU/f-MWCNT
nanocomposite dispersions were obtained.
5. Coating Preparation

The coatings were prepared on the mild steel substrate by using
a control coater which can make the wet coating as a controlled way:
The surface of the steel substrate was cleaned with acetone prior to
coating. A constant wet thickness of 100 um was maintained for
all the coatings. Then, the coatings were dried in an oven at 60 °C.
The coated mild steel plate samples were placed on a rooftop in
open atmosphere under the natural climatic conditions of the

T ture °

I—funrllfiilri;tiy (roZ) < August September October November December January February March April May June July
Average high temperature 41 38 34 27 22 19 21 25 31 37 40 42
Average low temperature 28 25 21 17 12 10 11 15 20 24 27 28
Average temperature 35 32 28 22 17 15 16 20 25 31 34 35
Average relative humidity 45 50 60 65 70 70 65 55 45 35 35 35
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Kingdom of Saudi Arabia. The recorded temperature (°C) and rel-
ative humidity (%) during the exposure time are summarized in
Table 1. The coatings were exposed from August 1%, 2012 to July
30", 2013. Photographs of the coatings were taken at regular inter-
vals using a high-resolution camera to monitor the corrosion prog-
ress on the steel substrate.

6. Characterization

FTIR spectroscopy (Impact 400D, Nicolet, Madison, WI) was
used to identify the WBPU film structure. The dispersion was coated
on a thallium bromide/thallium iodide crystal surface as a thin lig-
uid film and dried for analysis. For each sample, 32 scans at a res-
olution of 4 cm™" were collected in transmittance mode.

A Hitachi model H-7500 transmission electron microscope
(TEM) was used to examine the morphology of the coatings. The
samples for TEM analysis were prepared by placing the nanocom-
posite films in epoxy capsules and curing the epoxy at 70 °C for 24h
in an oven. The cured epoxies containing the WBPU/f-MWCNT
nanocomposite films were then microtomed with a diamond knife
into 70-90-nm-thick slices at —100 °C. Finally; a 3-nm-thick carbon
layer was deposited on the slices for TEM observation.

For the water absorption study; all films were immersed in water
for 48h at 30°C and the water absorption (%) was determined
from the weight increase as:

Wo, 100

0
where W is the weight of the dried film and W is the weight of
the film at equilibrium swelling.

Water contact angle measurements were performed using a
Theata Optical tensiometer (Attension, Finland). An automatic sin-
gle liquid dispenser was used to automatically dispense a precise
volume of water drop (5 uL), which then descended until the drop
contacted the coating. An image of the water drop, taken by a
camera on the instrument, was analyzed by Attension software to
obtain the water contact angles. The value is the average of 5 runs.

Potentiodynamic polarization (PDP) analysis was performed

W—
Swelling (%) =

using a GAMRY3000 corrosion measurement system (potentio-
stat). The potential of the electrode was varied from —0.2V to 0.2'V.
The electrochemical cell used for the current study consisted of
the prepared coated electrode as the working electrode, a graphite
rod as the counter electrode, an SCE as the reference electrode,
and 3.5wt% sodium chloride as the electrolyte. EChem Analyst
software package 6.0 was used for all the analyses, curve extrapola-
tion, fitting and simulations of PDP data. A surface mask (GAMRY)
with an area of 1 cm” was used to mask the analyzed surface.

The polymer surface was analyzed by X-ray photoelectron spec-
troscopy (XPS) (ESCA 250 XPS, UK) using a monochromated Al
Ko X-ray source (15kV, 25 W) and a spot size 400x400 um. The
spectra were then analyzed, employing a curve fitting technique
based on a linear least-squares analysis to fit a combination of the
Lorentzian and Gaussian curve shapes.

RESULTS AND DISCUSSION

Raman scattering is a powerful technique to characterize the
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Fig. 1. Raman scattering spectra of MWCNT and FMWCNT.
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Table 2. Sample designation and composition of WBPU/fMWCNT coatings

Composition (molar ratio)

Sample designation FMWCNT (wt%)
DMPA PTMG/PEG H,,MDI EDA TEA

WBPU 0.074 0.04 0.134 0.014 0.074 0

WBPU/f-MWCNT-1 0.074 0.04 0.134 0.014 0.074 0.5

WBPU/f-MWCNT-2 0.074 0.04 0.134 0.014 0.074 1.0

WBPU/f-MWCNT-3 0.074 0.04 0.134 0.014 0.074 2.0

pristine MWCNT and fMWCNT. Fig. 1 shows the typical Raman
spectra of MWCNT and fMWCNT. Two strong scattering peaks
were observed for both MWCNT and f-MWCNT centered at 1,341
and 1,583/cm, respectively. The band centered at 1,583/cm was
assigned to the graphite-like tangential mode “G” band, and the
so-called “D” band centered at 1,341/cm was attributed to disor-
der or to sp3-hybridized carbon in the hexagonal framework of
the nanotube walls. The intensity ratio of the band at ~1,583/cm
to that at 1341/cm (G to D) reflects the proportion and purity of
the MWCNT in the samples [31]. Although the shape and posi-
tions of peaks in the spectra are fairly similar to each other, the
value of the G-to-D ratio displayed some regular and substantial
changes, which can reveal something about the structural infor-
mation of the sample. The increase in the relative intensity of the
disordered mode can be attributed to the increased number of
structural defects and to the sp3 hybridization of carbon for chem-
ically induced disruption of the hexagonal carbon order in the
nanotubes after acid treatment. This may be due to the attach-
ment of carboxylic acid groups to the MWCNT [31].

Both pristine WBPU and WBPU/f-MWCNT nanocomposite
dispersions were prepared using the prepolymer mixing method
(see Scheme 1) following our previous report [13]. The composi-
tions are summarized in Table 2. The moles of Poly(tetramethy-
leneoxide glycol) (PTMG), poly(ethylene glycol) (PEG), dimethyl-
olpropionic acid (DMPA), triethylamine (TEA), 4,4-dicyclohexyl-
methane diisocyanate (H;,MDI) and ethylenediamine (EDA) were
maintained constant, whereas the FMWCNT content was increased
up to 2.5 wt%. However, above 2.0 wt% f-MWCNTs, the WBPU/
FMWCNT nanocomposite dispersions were unstable; therefore,
dispersions loaded above 2.0 wt% f-MWCNTs were not consid-
ered as coating materials in this study. The mentioned composi-
tion provided same hard segment, soft segment and carboxyl salt

300 nm

Transmittance (%)

4000 3000 2000 1000 0

Wavenumber (cm'l)

Fig. 2. FT-IR spectrum of pristine WBPU coating.

group contents for all of the coating materials. The solid content
remained constant at 30 wt%. The pristine WBPU and WBPU/f-
MWCNT nanocomposite coatings were identified by characteris-
tic IR peaks (see Fig. 2), such as the N-H peak and the C=0 peak.
Peaks at 1,710 cm™" and 3,430 cm ™' appeared for the C=O and N-
H groups, respectively [14]. The spectra were also characterized by
the bands at 2,800-3,000cm ™", 2,795 cm™" and 1,109 cm™', which
correspond to CH, O-CH, and C-O-C stretching and the ether
group, respectively. The band at 1,415cm™" is attributed to CH,
scissoring and CH; deformation, whereas the absorbance’s at 1,002
and 1,012 cm ™" are attributed to the stretching and rocking vibra-
tions of the C-C and CH, groups, respectively. A very weak single
band observed at 833 cm™ is attributed to either the coupled vibra-
tions of the C-O stretching or CH, rocking modes [14]. A strong

Fig. 3. TEM microphotographs of WBPU/f-MWCNT coatings with different FMWCNT content (A) 0.5 wt% (B) 1.0 wt% and (C) 2.0 wt%.
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band assigned to the asymmetric stretching vibration of the C-N
group is expected at 1,040 cm™'; however, this band overlaps with
the very strong band at 1,109 cm ™', corresponding to the C-O-C
stretching vibration of the ether groups in the PU films. However,
there was no difference recorded between the pristine WBPU and
WBPU/fMWCNT coatings. To assess the dispersion of fFMWCNTs
in the coatings, TEM analysis was conducted. A typical TEM image
is shown in Fig. 3, which clearly shows that the fFMWCNTs are
dispersed homogeneously in the PU matrix. No agglomeration was
observed for any of the coatings. The homogeneously dispersed f-
MWCNTs might be acted as reinforcement in coatings [13,30].

A higher level of water resistance is a prerequisite for coatings
applied for corrosion protection [14,30]. Typically, the water resis-
tance of a coating is assessed by its water contact angle and water
absorption (%) [30]. The effects of FMWCNT content on the water
contact angle and water absorption (%) are shown in Fig. 4. The
water contact angle and water absorption (%) were both found to
vary with FMWCNT content; the water contact angle increased
with increasing F-MWCNT content, whereas the water absorption
(%) decreased with increasing fFMWOCNT content. This result
implies that the coating hydrophobicity increased with increasing
FMWCNT content [30]. Furthermore, this result suggests that the
FMWCNTS act as a barrier for passing water and air. The highest
water contact angle and lowest water absorption (%) of the coat-
ing confirmed the highest resistance for the coating containing
2.0wit% f-MWCNTs.

Bare and coated mild steels were exposed and monitored visu-
ally under defined intervals (see Fig. 5). For bare mild steel, the first
stage of corrosion began very quickly; as some pits were observed
within four days. The pristine WBPU coating showed slight pro-

Water swelling (%)
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Fig. 4. Effect of f-MWCNT content on water swelling and water
contact angle.

tection, as there was no pitting observed over 15 days, after which
time some pits were observed. This observation indicates that the
pristine coating had already degraded within those 15 days. The
pit density increased gradually with time, covering the entire coat-
ing in the following 15 days. Different results were observed for
the composite coatings. The protection efficiency significantly im-
proved upon using the WBPU/f~-MWCNT coatings. After 90 days,
the extent of damage attributed to corrosion was much greater in
the pristine WBPU coating compared to the WBPU/fMWCNT
nanocomposite coatings. Corrosion affected more than half of the
coating area of the pristine WBPU coating, whereas the extent of
deterioration was much less for the nanocomposite coatings, par-

Time |/MWCNT (0 wt?%) [f-MWCNT (0.5 wt%)| f-MWCNT (1 wt%)

F-MWCNT (2 wt%)

1day

365 day

Fig. 5. Exposed coatings under sunlight.
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ticularly for those with increased concentrations of fFMWCNTs up
to 2.0 wt%. After 365 days, the final inspection determined that
the specimen using the pristine WBPU coating was fully damaged.
The specimen using the WBPU/f-MWCNT nanocomposite coat-
ing containing 2.0 wt% fMWCNTs was still very much intact,
whereas the coating with 1.0% FMWCNTs was considerably dam-
aged. Therefore, the incorporation of FMWCNTs into the WBPU
coating enhanced its degradation and corrosion resistance and the
maximum protection was observed with a FMWOCNT content of
2.0 wt%.

To justify the visual inspection of the coatings, potentiodynamic
polarization (PDP) was conducted for all (exposed and unexposed)
of the coatings, except the exposed pristine WBPU coating which
has been completely damaged at exposed condition. Fig. 6 pres-
ents the potentiodynamic polarization (PDP) curves for all the coat-
ings. This analysis showed that all WBPU/f-MWCNT unexposed
coatings lead to better protection of the mild steel compared with
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the pristine unexposed WBPU coating. Coatings containing f-
MWCNTs were observed to exhibit lower levels of i, (see Fig. 6)
compared to the pristine WBPU coating, which indicated that the
incorporation of fFMWCNTS into the coating increased the corro-
sion resistance of the composite coating. It was also determined
that an increase in the FMWOCNT content resulted in a decrease in
iy for the WBPU/AMWCNT coatings, implying increasing cor-
rosion protection efficiency with increasing fFMWCNT loading of
the coating. However, the rate of decreasing of i, value with in-
creasing FMWOCNT content was not the same. Initially the i, value
increased slightly with addition of -MWCNT content. However,
the i, value increased significantly with addition of 2.0 wt% f-
MWCNT content. It has been reported elsewhere [32] that the
corrosion protection of polymer/CNT coatings highly depends on
the changed microstructure of the dispersed CNT5. The corrosion
protection decreased if micro pores were created in the coatings
by the loading of CNTs, which led to the comparatively easy pass-
ing of electrolyte through the coating [32]. However, if the CN'Ts
can act as a barrier or increase the surface hydrophobicity, they
will resist the electrolyte passing through the coating, resulting in
higher corrosion protection [32]. Moreover, the CNTs can act as a
UV absorber and reduce coating degradation [33]. In this study,
the latter reason might be active in the unexposed coatings, show-
ing higher corrosion protection efficiency of the WBPU/-MWCNT
coatings. This interesting result was obtained when the exposed
coatings were analyzed. All of the i, values (see Fig. 6) increased
with time when compared to their respective unexposed coatings.
The fact is that the i, values changed at a different rate with dif-
ferent -MWOCNT content even after exposure for 365 days. This
result also implies that all of the coatings suffered from degrada-
tion at different rate. However, the i, value (see Fig. 6) increased
to a lesser extent with higher FMWCNT content, implying that
the least damaged coatings contained higher FMWCNT contents.
In this case, the FMWCNTs might act as a UV absorber, reduc-
ing coating degradation [33].
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Fig. 7. XPS spectra of WBPU films with different FMWCNT content.
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Fig. 8. Curve fitting of XPS Cls core level spectra of coatings: (a) FMWCNT 0 wt% before exposed, (b) FMWCNT 2 wt% before exposed, (c)
JFMWCNT 0wt% after exposed 90 day, (d) FMWCNT 2 wt% after exposed 90 day, (¢) FMWCNT 2 wt% after exposed 200 day, (f) -

MWCNT 2 wt% after exposed 365 day.

The top surfaces of all the coatings were analyzed using XPS.
The peaks for certain atoms were found to be nearly identical in
all coatings (see Fig. 7). The peaks at 531, 285 and 400 eV attributed
to oxygen (1s), carbon (1s), and nitrogen (1p), respectively, were
observed in the survey spectra for all the coatings. Because the oxy-
gen (1s), carbon (1s), and nitrogen (1p) atoms have different bind-
ing energies, their peaks are observed at different values. However,
for the carbon atoms in different environments with different func-
tional groups, the Cls binding energies of these functional groups
are very close to each other and their original functional groups

Carbonyl content (%)

0 100 200 300 o0
Time (day)
Fig. 9. Carbonyl content of exposed coatings after certain interval.
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can be determined using the curve fitting analysis. The Cls peaks
are classified into four groups: the C=0 carbon atom appearing at
289.7-285.8 ¢V, the C-C or C-H at 282.0-2859¢V, the C-O at
284.1-286.1 eV and the C-N at 284.5-287.1eV (see Fig. 8). With
the inclusion of fFMWCNTS, the area at 289.7-285.8 eV (for the
carbonyl groups) decreased (see Fig. 9). It has been reported else-
where that the carbonyl contribution is attributed to the urethane/
urea groups of WBPU [33]. The smaller carbonyl area implies a
lower content of urethane/urea groups on the surface. The lowest
carbonyl area was found for the highest 2.0 wt% f-MWCNT con-
tent (see Fig. 9), implying that the maximum amount of buried
urethane/urea groups by f-MWCNT on the surface was found at
this composition.

The coatings exposed to open air atmosphere are susceptible to
degradation, leading to eventual corrosion of the mild steel. It has
been reported [34,35] that carbon dioxide and carbon monoxide
are two prominent degrading, oxidized products, which can be
detected by the presence of carbonyl groups through XPS analysis.
The increased carbonyl content of exposed coatings also implies
less efficient corrosion protection of the coatings. The carbonyl
content of all the exposed coatings is shown in Fig. 9. The carbonyl
content changed significantly for the pristine WBPU exposed coat-
ing, which further increased with time. The carbonyl content changed
from 5% to 12% after 90 days (see Fig. 9), implying significant
degradation of the coating. This degradation resulted in the facile
passing of water/air through the coating into the mild steel and
directly impacted the corrosion protection of the coating. Very low
corrosion protection was observed in this case. However, the car-
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bonyl content was different when 1.0 wt% or higher FMWCNT
content was used in the coatings. The carbonyl content was ob-
served to be lowest for the WBPU/f-MWCNT coating with 2.0 wt%
of FMWCNT content (see Fig. 9). This result can be ascribed to
the lowest chain scission of urethane/urea groups in the presence
of UV (sunlight). Herein, the fFMWCNTS acted as a UV absorber,
which protected the chain scission of urethane/urea groups, even-
tually decreasing the degradation of the coating. Hence, the mild
steel was also protected from corrosion.

CONCLUSIONS

All of the prepared dispersions were coated on mild steel and
exposed to natural weather conditions for 365 days. All of the
coatings had a tendency to degrade under these conditions. The
degradation decreased with inclusion of FMWCNTs, which fur-
ther decreased with increasing FMWCNT content. The dispersed
FMWCNTs acted as both a barrier (before exposure) and UV
absorber (during exposed) in the WBPU/f-MWCNT coatings. A
combination of these two factors improved the overall protection
of the coatings for a moderate length of time. The protection can
be further improved by tuning the monomers and their contents.
Over the last decade, the restriction of organic solvents and toxic
inhibitors has created a significant challenge to the coating indus-
try. The findings reported herein open a new door for the protec-
tion of metals in an environmentally friendly way.
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