
A J CSIAN OURNAL OF HEMISTRYA J CSIAN OURNAL OF HEMISTRY
https://doi.org/10.14233/ajchem.2023.28042

INTRODUCTION

Polymer nanocomposites have emerged as one of the most
studied and commercialized areas of nanotechnology because
of their impressive effectiveness and adaptability. Improved
mechanical, thermal, optical and barrier properties are regularly
observed when comparing these materials to standard compo-
sites and pure polymers [1-3]. The incorporation of nanostru-
ctured materials not only restores the adhesive’s effectiveness
on both mechanical and physical properties, but also provides
numerous cognitive functions, including super hydrophobicity,
electroactivity, self-healing properties, and other characteristics
[4,5]. Therefore, it is possible that defects in the adhesives
and a decrease in their durability could result from insensitivity
between polymer matrix and nanostructure materials. Particle
agglomeration is triggered by hydrophobic attraction clusters
between the nanoparticles due to the presence of surface hydroxyl
groups; this phenomenon can be studied as a new polymeric
coating is developing. Physical and chemical processes have
had significant impacts in describing this problem [6-8].
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One of the inorganic nanocomposite coating material is
CeO2 nanoparticles which have both cytotoxic and cytopro-
tective effects. The best applications of ceria is for polishing
especially chemical-mechanical planarization, automotive
exhaust treatment, solar cells, catalytic materials, automotive
exhaust treatment, alternative additives in solvent based alkyd
coatings in order to improve anti-aging and anticorrosive agent,
etc. [9-11]. The interactions of a nanoparticle system with its
microenvironment need to be considered while designing effe-
ctive nanocarriers, which is also important to the polymeric
nanocarriers [12-15].

Polybenzoxazines have the potential to relate as corrosive
environment protective layer in the past 10 years due to their
unique properties, such as limited water uptake, low surface
weak strength, almost negligible deformation and extraordi-
nary piezoelectric dwellings [16-18]. Parallel to this, a new
silane functionalized polybenzoxazine precursor (TEOS-BZ)
is developed and its polymerization spraying (TEOS-PBZ) using
dipped protective layer and the conventional thermal curing
procedure, which exhibited the real resistance to oxidation for
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steels [19]. It has also been suggested that due to the presence
of the Si-O-Si bond and polybenzoxazine molecules within
the TEOS-PBZ matrix, as well as its potent hydrophobic chara-
cter and platform adherence, enhanced the TEOS-PBZ coating
corrosion prevention. Additionally, during the dipped film
formation, the energetic hydroxy structures of TEOS-BZ might
undergo hydrolysis and transform into silanol groups (SiOH),
allowing them to easily interact with the hydroxy groups that
are present of SiO2 nanoparticles without forming a cohesive
link [20]. It is possible to increase the corrosion protection of
TEOS-PBZ/CeO2 nanocomposites with polyurethane coatings
by integrating CeO2 nanoparticles into the covering.

The main objective of present work is to develop coatings
composed of silane-functionalized polybenzoxazine nanopart-
icles encapsulated in CeO2 (PBZ-TEOS@CeO2 nanocomp-
osites) that can be dissociated in polyurethane. In 3.5% NaCl
electrolyte solution, the corrosion performance of polyurethane,
polyurethane-silane functionalized polybenzoxazine (TEOS-
PBZ), polyurethane-cerium oxide (PU-CeO2) and polyurethane-
tetraethoxy-silane-polybenzoxazine-cerium oxide (PU/TEOS-
PBZ@CeO2) coatings was evaluated using electrochemical
impedance spectroscopy (EIS), Tafel polarization (TP) and
the ground morphological studies had been executed using
SEM/EDX techniques. A new amide bond formation may addi-
tionally need to decorate the dispersibility in the polymer matrixes.
To the best of our knowledge, TEOS-PBz/PU@CeO2 nano-
composite coating has not been established to be the result of
the functionalization of silane supported polybenzoxazine and
its scattering in polyurethane coating.

EXPERIMENTAL

The chemicals such as cerium(III) nitrate hexahydrate
(Ce(NO3)3·6H2O), potassium carbonate, 4-hydroxybenzalde-
hyde, triethoxysilyl propylamine (TEOS), paraformaldehyde
1,4-dioxane, ethyl acetate, sodium hydroxide, anhydrous sodium
sulfate, polyurethane, etc. were procured from Sigma-Aldrich,
Spectrochem and HIMEDIA Lab Pvt. Ltd., India. All the
chemicals and solvents were of AR grade and used without
any additional purification.

Synthesis of monomer: The 4-hydroxybenzaldehyde, tri-
ethoxysilyl propylamine and paraformaldehyde dissolved in
chloroform were mixed in a round-bottomed flask and fixed
water condenser in 16 h. The completion of the reaction was
monitored by TLC and then the reaction mixture was extracted
with ethyl acetate washed with 0.1 N NaOH, water and brine
solution. The organic layer was separated and dried over anhy-
drous sodium sulfate solution [21,22]. Finally, the product was
collected as pale yellow oil, which was characterized by UV-
Visible, FT-IR spectroscopy and NMR spectral techniques.

Synthesis of CeO2 nanoparticles: The co-precipitation
method was applied to synthesize cerium oxide nanoparticles
by using cerium nitrate (0.434 g) dissolved in 50 mL distilled
water (50 mL) followed by the addition of 20 mL potassium
carbonate (0.086 g) in a dropwise manner. Further, the mixture
was diluted to 100 mL using distilled water and stirred magne-
tically for 0.5 h. Then adjust the solution to pH 6 and continued

to stir for 1 h. The prepared powder (CeO2 NPs) was centri-
fuged at normal rpm and calcined for 3 h at 600 ºC [23,24].

Dip plating method: The derived monomer dissolved in
1,4-dioxane and then 5% of nano-CeO2 was incorporated. Poly-
urethane adhesive in toluene was added to the reaction mixture.
Three specific silane functionalized polybenzoxazines and
polyurethane combinations (100:60, 100:80, 100:100) along
with 5% nano-CeO2 was prepared. The sanitized mild steel
(MS) was cleaned with emery paper to develop adhesion. The
MS was cleaned by being submerged in a TEOS-PBZ:PU: nano-
CeO2 solution for 1 min before being removed systemati-cally
[25]. Finally, after 3 h of heating and treating at 200 ºC
throughout the furnace, the mild steel inside has been effectively
heated and treated. The electrochemical impedance experiments
have also been performed on the dipped mild steel. The chemical
synthetic route of silane functionalized polybenzoxazine CeO2

nanocomposites with polyurethane is shown in Scheme-I. 1H
NMR (CDCl3, δ ppm): 0.580 (2H, t, CH2 Si O), 1.143 (-CH3

appear triplet), 1.548-1.530 (m, CH2CH3), 2.508 (2H, t, NCH2),
2.651 (N-CH2-C), 3.690 (6H, q, -OCH2), 3.362 (2H, d,
ArCH2CH=CH2), 3.750 (6H, q, Si-O-CH2), 4.034 (2H, s, Ar-
CH2-N), 4.966 (2H, s, OCH2N), 6.883 (1H, s, Ar-H), 6.903
(1H, t, Ar-H), 7.623-7.714 (1H, d, ArH), 9.801 (1H, s, CHO).

Electrochemical analysis: Three electrodes system was
applied in the electrochemical measurements for measured
with the coated sample acted as the working electrode, as Ag/
AgCl electrode and saturated KCl electrode were used as the
reference electrode and a stainless steel cylinder as counter
electrode. The area of the working electrode was kept at 14 cm2.
At ambient temperature, the corrosive medium of 3.5% NaCl
aqueous solutions were performed in the all tests. To ensure
the steadystate prior to the measurements of the samples were
immersed for 0.5 h and then the measurements were conducted
at least three times. In the electrochemical impedance spectro-
scopy (EIS) measurements, a sinusoidal AC perturbation of
10 mV amplitude coupled with the open circuit potential was
used in metal-coating system. The EIS analysis was conducted
in the frequency range from 100 kHz to 0.01 Hz by using Z
view software [26,27].

RESULTS AND DISCUSSION

UV-visible studies: The electronic changes inside the
model give rise to absorption in the near brilliant region. Fig.
1a shows the UV-Vis spectra of both as-prepared and tempered
CeO2 nanoparticles. For as-synthesized CeO2 nanoparticles,
the blue shift is readily apparent due to the presence of a signi-
ficant absorption band at low frequency close to 270 nm. It
shows that the maintenance positions vary with the shapes and
sizes of CeO2. In addition, Fig. 1b demonstrates that the maxi-
mum absorbance of benzoxazine monomer was determined
to be 382 nm.

A time-dependent UV-vis spectrum for silane-function-
alized polybenzoxazine@CeO2 nanocomposites in polyure-
thane at room temperature is shown in Fig. 1c, where two retention
peaks have appeared at 331 and 288 nm, corresponding to the
π-π* transition of the C=C paraformaldehyde moiety and the
δ-δ* transition of polybenzoxazine ring, respectively. With
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Fig. 1. UV-visible absorption spectroscopy of (a) CeO2 NPs (b) benzoxazine monomer (c) silane functionalized polybenzoxazine CeO2

nanocomposites with polyurethane

increasing preparation time, the silane-functionalized polyben-
zoxazine-CeO2 nanocomposites exhibit a decrease in the peak
at 331 nm and an increase in the strength at 288 nm. This beha-
viour clearly shown that polybenzoxazine possesses an induced
moiety (paraformaldehyde), which can be gone through to a
photodimerization response when its ability to absorb to light
illumination is increased. The aforementioned findings sugge-
sted that a union of polybenzoxazines is necessary and effective
[28,29].

FTIR studies: The FTIR spectra of CeO2, silane functio-
nalized polybenzoxazine@CeO2 nanocomposites with poly-
urethane are shown in Fig. 2a-b. The Ce-O-Ce vibration is
addressed by a strong band at 786 cm-1, which confirmed the
presence of CeO2 nanoparticles, whereas the strong and broad
peak at 3385.90 cm-1 is attributed to the increased vibration of
the hydroxyl group. In polybenzoxazine, the benzoxazine
moiety at 1647 cm-1 and also confirmed the presence of the

C=O, N-H and C=C vibrations, thus, indicating the presence
of fragrant amino groups in polybenzoxazine. The broad peak
at 3500-3000 cm–1 is attributed due to the O-H and N-H strec-
ting modes because of functionalization of CeO2 nanoparticles
by polybenzoxazine [30]. In silane functionalized polybenzo-
xazine@CeO2 nanocomposites, benzoxazines attribute both
CeO2 and TEOS-PBZ, suggested that CeO2 nanoparticles are
inserted in the polybenzoxazine containing polyurethane.

X-ray diffraction studies: Fig. 3a-b illustrates the XRD
investigation of CeO2 and silane functionalized polybenzoxa-
zine@CeO2 nanocomposites with polyurethane. The
diffraction peaks at 28.6º, 33.2º, 47.5º, 56.4º, 59.1º, 69.4º, 77.0º
and 79.1º, correspond to (111), (200), (220), (311), (222), (400),
(331) and (420) of CeO2 and silane functionalized polybenzox-
azine@CeO2 nanocomposites containing polyurethane coating
are in great concurrence with cubic fluorite structure CeO2

(JCPDS card No. 340382). The XRD analysis confirmd the
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Fig. 3. XRD pattern of (a) CeO2 NPs (b) XRD design secured for the various combination of PBZ: PU: % CeO2 nanocomposite coated with
mild steel soaked in 3.5% NaCl for 5 days

encapsulation of TEOS-PBZ over the CeO2 surface. However,
due to silane functionalized polybenzoxazine@CeO2 nano-
composites with polyurethane, the characteristic peak behaves
almost identically to CeO2 with low force and no shift was
observed. The diminished force without the distinctive change
in peaks demonstrated that the design of CeO2 nanoparticles

was not annihilated and that PBz was arranged on the surface
of CeO2 [31-33]. The average crystallite size was deter-mined
using Scherrer’s formula and the crystallite size was found to
be 8.6 nm.

The XRD patterns of polyurethane, PU-TEOS-PBZ, PU-
CeO2 and PU-TEOS-PBZ@nano-CeO2 coatings submerged
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in 3.5% NaCl for 5 days are displayed in Fig. 3b, individually.
The development of foreign materials on the mild steel’s
surface of PU, PU-TEOS-PBZ, PU-CeO2 and PU-TEOS-PBZ
@nano CeO2 is observed and examined. The XRD spectrum
of polyurethane, PU-TEOS-PBz, PU-CeO2 and PU-TEOS-PBz
@nano CeO2 coatings is shown in Fig. 3b, which shows the
additional peaks are attributable to both FeO and Fe3O4. This
uncovered that the consumption interaction happened at a rapid
rate for polyurethane covered mild steel.

Morphological studies: The surface and bulk morphology
of CeO2 and PBZ@nano CeO2 with polyurethane nanocom-
posites were analyzed by SEM with EDX, as shown in Figs. 4a-d
and 5a-d, respectively. As can be seen in Fig. 4a-c, CeO2 nano-
particles as observed by SEM have a typical round shape. The
surface modifcation of CeO2 nanoparticles assisted polybenzo-
xazine-PU is established by the SEM with EDX examination.
SEM/EDX analysis confirms the presence of N, O and Ce in
the PBZ@nano-CeO2 with PU nanocomposites [34-38].

Fig. 5a-d shows the cross-sectional morphologies (SEM
and EDX) of mild steel coated with PU, PU-TEOS-PBZ, PU-
CeO2 and PU-TEOS-PBZ/CeO2 following 5 days of immersion
in 3.5% NaCl medium. When PU-TEOS-PBZ/CeO2 was applied
to mild steel, a uniform layer formed, confirming that the CeO2

nanoparticles did not adhere and a significant scattering was
appeared in the coating. Fractures in the mild steel were disco-
vered to exist because of the polyurethane coating. The reduced
corrosion on PU coating from PU-TEOS-PBZ, PU-CeO2 and
PU-TEOS-PBZ/CeO2 nanocomposite coatings was observed
and confirmed by reduced required materials. Over time, PU-
PBZ/CeO2 protective coatings are used more and more, but
this is a sluggish process since corrugated metal accumulates
at the mild steel contact site. The upgraded integrity structures
contains Ce, N and O accessible, as determined by the EDX’s
techniques. The strengthen of reactive metals containing Ce,
N at scratch is the main defence for the corrosion inhibition
characteristics of PU-PBZ/CeO2 coated mild steel.

Thermal studies: Usually benzoxazine monomer has
intermolecular hydrogen bonding of phenolic hydroxyl group
after ring opening polymerization. For this reason, polybenzo-
xazine gives higher value of glass transition temperature (Tg).
Table-1 displays the results for coating weight loss as a function
of temperature, with values for 5% weight loss (Td 5%), 30%
weight loss (Td 30%) and remaining percentage of weight (char
yield) at 580-600 ºC. The thermal stability of TEOS-PBZ-PU
with CeO2 nanocomposites coatings is more than polybenzo-
xazine coating upto 250 ºC and the weight loss of PBZ-PU
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with CeO2 nanocomposites coatings is less than 10.1% whereas
polybenzoxazine coating shows degradation of 14.9% (Fig.
6). These alterations are caused due to the crosslinking density
of polyurethane. The crosslinked density of the coating incre-
ases as the polyurethane concentration increases.

The thermal stability of coating increases with increasing
polyurethane content is evident from Table-1. For this reason,
the char yield of silane-functionalized polybenzoxazine@
CeO2 nanocomposites with a polyurethane coating method is
lower than that of nanocomposites made with polybenzoxazine
alone [39-41]. The following equation is used to calculate the
heat resistance index [42-45]:

THRI = 0.49 × [T5 + 0.6 x (T30 – T5)]

DTA analysis: Fig. 7 shows DTA thermograms of silane-
functionalized PBz@CeO2 nanocomposites with polyurethane
improved coating at varying molar ratios, with the coating
temperature with increasing urethane moiety concentration.

DSC analysis: At 454 ºC, an exothermic peak is displayed
on the DSC thermogram of silane-functionalized PBz@CeO2

nanocomposites with polyurethane as a result of crystallization
temperature at 532 ºC and 552 ºC, two exothermic peaks are
displayed as a result of the melting temperatures (Fig. 8). These
are liable for the ring opening polymerization of TEOS-PBz.
As a result of interaction of isocyanate moiety with polybenzo-
xazine through hydrogen bonding, DSC thermograms of PU-
PBz@CeO2 nanocomposite shows two endothermic peaks at

TABLE-1 
TGA DATA OF SILANE FUNCTIONALIZED POLYBENZOXAZINE-PU-CeO2 NANOCOMPOSITES  

ON MILD STEEL IN 3.5% NaCl FOR IMMERSION PERIOD 5 DAYS 

Coating system Onset temperature (°C) Offset temperature (°C) Td5 (°C) Td30 (°C) THRI 
BZ Monomer 88.38 540 150.24 300.01 115.17 
100:60:5% (BZ:PU:Nano) 200.50 560 295.91 412.81 165.04 
100:80:5% (BZ:PU:Nano) 210.89 586 278.13 420.16 171.67 
100:100:5% (BZ:PU:Nano) 215.09 590 252.72 400.33 169.19 
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80:5%) and 461 ºC, 575 ºC for PU:PBz@CeO2 nanocomposites
(100:100:5%). Moreover, at 458 ºC and 461 ºC are dependable
for the ring opening due to the crosslinking ability of polyure-
thane at the first exothermic peaks and the second peak at 567,
574 and 575 ºC takes place due to the melting of PU-PBz@
CeO2 nanocomposites. It is not surprising that the polyurethane
supported benzoxazine monomer has more heat resistance than
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the monomer itself, since both the glass transition temperature
and the DSC data were verified.

Electrochemical polarization: The electrochemical polar-
ization curves for bare mild steel and coated mild steel shows
the corrosion resistance behaviour of bare mild steel, coated
with pure polyurethane and TEOS-PBz-PU@CeO2 nanocom-
posites are shown in Fig. 9a. The corrosion parameters such
as corrosion potential (Ecorr), corrosion current (Icorr) and anodic/
cathodic Tafel slopes (ba and bc) were obtained using the Tafel
extrapolation method. The correlation between the silane func-
tionalization of PBz/CeO2 nanocomposites with polyurethane
and the improvement in corrosion protection is evident from
the corrosion rates (rcorr) data (Table-2). Among all the coated
samples, 100% silane functionalized PBz@CeO2 nanocom-
posites with polyurethane coated mild steel substrate displayed
greater potential shift towards the noble positive corrosion
potential (Ecorr). This indicates that higher amount of ceria with
TEOS-Bz nanocomposite coating displayed a better corrosion
protection. This could be because large cerium cations rapidly
bond with hydroxyl ions, generating a strong double layer on
the surface of the mild steel substrate. This retards the charge
transfer between the external surroundings and the coated
substrates.

The corrosion rate formed for 100% silane functionalized
PBz@CeO2 nanocomposites with polyurethane coated mild
steel was 3.851 × 10–2 mm, which is closely 22 times lower
than bare mild steel substrate (8.432 × 10–1 mm). The improved

TABLE-2 
ELECTROCHEMICAL BEHAVIOUR OF SILANE FUNCTIONALIZED POLYBENZOXAZINE-PU-CeO2  

NANOCOMPOSITES ON MILD STEEL IN 3.5% NaCl FOR IMMERSION PERIOD 5 DAYS 

Tafel studies Nyquist plot Concentration of 
samples 

(polymer:PU:Nano) Icorr (uA) Ecorr (mV) Corrosion 
efficiency (%) 

Corrosion 
Rate 

Rct (ohm) Cdl (F) Inhibition 
efficiency (%) 

Blank 0.042 -491.651 – 488.424 2.825 0.3925 – 
100:60:5% 0.042 -515.785 0 488.424 15.32 51.72e-6F 81.39 
100:80:5% 0.026 -594.579 38.09 302.350 247.6 52.48e-6F 98.85 
100:100:5% 0.002 -368.467 95.23 23.258 1375 7.677e-6F 99.79 
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corrosion resistance of mild steel in the presence of ceria is
attributed to the cathodic site blocking. The precipitation of
insoluble cerium hydroxide/ceria at local regions allows the
cerium ions to function as cathodic inhibitors at active locations.
The electrode impede the cathodic sites, lowering the cathodic
current and, as a result, the total corrosion rate.

Fig. 9b shows the Nyquist plot representation/impedance
reaction of bare mild steel (MS) substrate, polyurethane resin
and silane functionalized PBz/CeO2 nanocomposites with poly-
urethane coated MS. At low frequency, the interception with
the real axis was attributed to the charge transfer resistance Rct

at the corrosion potential. From EIS measurement, the charge
transfer resistance (Rct) and double-layer capacitance (Cdl) were
calculated and the results are presented in Table-2. Compared
to blank acrylic resin and mild steel substrate, the Rct values of
PU@CeO2/mild steel and PU/mild steel were extremely high.
Better corrosion protection properties are indicated by higher
Rct and lower Cdl values for 100% PU@CeO2 nanocomposite
coated MS substrates compared to bare substrates.

Micro-hardness testing: A Vickers micro hardness tester
was used to calculate the micro-hardness of the condensed
specimens. Throughout the duration of the analysis, the loading
load ranges from 200 to 263.1 g and the loading time is 11 s
(Table-3). As the concentration of polyurethane increased with
addition of CeO2 nanoparticles in the coating will increase the
crosslinking ability, due to the absence of hydroxyl group will
decrease the empty space.

TABLE-3 
MICRO HARDNESS TESTING OF SILANE FUNCTIONALIZED 

PBZ-PU-CERIUM OXIDE NANOCOMPOSITES ON MILD  
STEEL IN 3.5% NaCl FOR IMMERSION PERIOD 5 DAYS 

Samples Micro-hardness 
Blank 200.65 
ST1 224.3 
ST2 241.8 
ST3 272.1 

 

Gel content: Accurately weighed the cured sample and
extracted in xylene for 5 days at room temperature was found
as cured coating sample by gel content (Table-4). Then, the
cured coating samples were dried in the oven. Gel content of
coating was calculated by the following equation:

a

b

W
Gel absorption 100

W

 
= × 
 

where Wa and Wb are the weight of cured coating sample after
and before the extraction, respectively.

TABLE-4 
GEL CONTENT TESTING OF SILANE FUNCTIONALIZED 

CERIUM OXIDE NANOCOMPOSITES ON MILD STEEL  
IN 3.5% NaCl FOR IMMERSION PERIOD 5 DAYS 

Samples Gel content 
BZ (silyl) 87.11 

BZ100:PU60:5%CeO2 92.31 
BZ100:PU80:5%CeO2 94.82 

BZ100:PU100:5%CeO2 95.15 

 

Water absorption: Water absorption was performed in the
cured coating samples as per ASTM D570. The cured coating
samples were dried at 80 ºC in a vacuum oven and then immersed
in water for 5 days at room temperature. The cured samples
were removed from the water, then blotted with tissue papers
and weighed. The percentage water absorption was calculated
by the following equation:

a b

b

W W
Water absorption 100

W

 −= × 
 

where Wa and Wa are the weights of the cured sample after and
before removal from water absorption. The results in Table-5
show that as coating polyurethane concentration with CeO2

nanoparticles increases, crosslinking ability increases and simul-
taneously free space decreases because of the empty hydroxyl
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steel in 3.5% NaCl for 5 days (b) Nyquist plot of CeO2 NPs and silane functionalized polybenzoxazine–PU-CeO2 NCs on mild steel
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TABLE-5 
WATER ABSORPTION ANALYSIS OF SILANE 

FUNCTIONALIZED CERIUM OXIDE NANOCOMPOSITES ON 
MILD STEEL IN 3.5% NaCl FOR IMMERSION PERIOD 5 DAYS 

Samples Water absorption 
BZ (silyl) 1.15 

BZ100:PU60:5%CeO2 0.87 
BZ100:PU80:5%CeO2 0.72 
BZ100:PU100:5%CeO2 0.63 

 

group. This is evident for the same reason that increasing the
percentage of polyurethane with CeO2 nanoparticles in the
coating samples reduces their hygroscopicity.

Conclusion

Nanocomposite coatings for mild steel (MS) in 3.5% NaCl
medium were effectively prepared using a co-precipitation
method using silane-functionalized polybenzoxazine, CeO2

and polyurethane. The nanocomposite coatings made of ultra-
thin polyurethane and CeO2 showed an excellent resistance to
corrosion. The corrosion protection effectiveness of silane-
functionalized polybenzoxazine/CeO2 improves as the ceria
content increases. The mechanical properties were analyzed
by using a pull-out adhesion and micro-hardness analyses to
determine the level of hardness. The experiments found that
polyurethane coated mild steel had greater bonding strength
and hardness with the silane functionalized polybenzoxazine/
CeO2 nanocomposites. These results demonstrated that even
after prolonged immersion in a corrosive environment, poly-
urethane coated mild steel embedded with silane functionalized
polybenzoxazine, CeO2 nanocomposites exhibited the highest
levels of corrosion resistance. Therefore, the polybenzoxazine/
CeO2 nanocomposites modified with silane functionalized
polyurethane matrix with the optimum coatings in industrial
applications to extend the lifetime of metals.
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