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Epoxy-TiO2 nanocomposite coatings were prepared by the utilization of the solution

intercalation method with the presence of the sonication process and the influence

of embedding different loading ratios of TiO2 nanoparticles within neat epoxy resin

was investigated. To further improve the corrosion protection performance and to

fulfill the hydrophobicity of the developed coated surfaces, the epoxy polymeric resin

was modified with polydimethylsiloxane (PDMS) and different loading ratio of TiO2

nanoparticles was intoduced to the modified polymeric matrix to fabricate PDMS

modified epoxy nanocoposite coating sytems. All developed coating systems were

characterized by means of Fourier transform infrared (FTIR) spectroscopy and differential

scanning calorimetry (DSC) to investigate the chemical structure and the glass transition

temperatures (Tg) of the developed coating systems, respectively. The morphology,

topology, optical properties, and the wettability were also examined by field emission

scanning electron microscope (FESEM), energy dispersive X-rays analyzer (EDX),

atomic force microscopy (AFM), ultraviolet-visible spectroscopy (UV-vis), and contact

angle measurement (CA), respectively. Moreover, the electrochemical behavior and the

barrier properties of the developed coating films were investigated via electrochemical

impedance spectroscopy (EIS). The findings revealed a good curing level with higher Tg

values for all developed nanaocompsoite coating systems and confirmed the efficiency

of the sonication process in developed well-dispersed TiO2 within the polymeric matrix.

Also, the obtained results revealed the ability of certain amount of TiO2 nanoparticles

in enhancing the corrosion protection performance of epoxy based coating systems.

The compatibility of epoxy resin, PDMS, and TiO2 nanoparticles was also confirmed by

achieving the hydrophobicity and obtaining the best corrosion protection performance.
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time elapsed and reached 30 days, only ET1 coating system
which loading with 0.1 wt. % of TiO2 nanoparticles manage
to obtain performance stability and perfectly protect the steel
substrate from being corroded. The observation of Bode and
Nyquist plots of ET1 coating systems, illustrated in Figure 9,
interestingly demonstrated no changes over the immersion time
period and still holding the ability to be fitted by means of

Model A of the equivalent circuit. This, in turn, implied that this
small amount of TiO2 nanoparticles was sufficient to enhance the
overall performance of the coating film as the EIS finding was in
strong agreement with all previously reported results.

On the other hand, all other developed coating systems
namely, E, ET2, and ET3, failed to obtain the desired protection
performance against corrosion as two-time constants in Bode

FIGURE 9 | Representative (A) Bode plots and (B) phase angle plots for all prepared epoxy-based coating systems, (C) Nyquist plot for E coating system, (D,E)

Nyquist plots for all epoxy-TiO2 nanocomposite coating systems after 30 days of immersion.
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plots and two semicircles in Nyquist plots were observed and
Model B of the equivalent circuit was utilized to obtain the
fitting. The poor corrosion protection performance of E coating
system could be attributed to the weak barrier properties of
the epoxy polymeric matrix due to the presence of voids at
the coating film surface and pores through the bulk structure
of the coating layer. Yi et al. (2018) reported that the creation
of the voids and the pores is due to the evaporation of the
solvent during the curing process and the shrinkage of the coating
layer. Moreover, the existence of these pores increases the free
volume within the epoxy polymeric matrix and consider the
main responsible of the creation of the diffusion pathways that
permit the corrosive agents to penetrate through the coating

film, hence, the degradation of the corrosion protection ability
(Ramezanzadeh et al., 2016a). The most pronounced effect of
TiO2 nanoparticles was realized with its loaded at 0.1 wt. %,
within ET1 coating system. That could be attributed to the proper
dispersion of the nano reinforcing agents within the polymeric
matrix, hence, reducing the porosity and zigzagging the diffusion
pathway. However, the EIS findings revealed that the further
addition of TiO2 nanoparticles did not significantly enhance
the corrosion protection performance of the polymeric matrix.
The 2016 work of Kumar et al., discuss the effects of different
concentrations of TiO2 nanoparticles on the epoxy matrices and
have concluded that the higher loading ratios of TiO2 could
affect its dispersion state and led to the formation of larger

FIGURE 10 | Representative (A) Bode plots and (B) phase angle plots for E, EP, and all PDMS modified epoxy nanocomposite coatings, and Nyquist plots for (C) E,

(D) EP, (E) EPT1 and EPT2, (F) EPT3 coating systems after 1 day of immersion.
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clusters, hence, alter the contact among the nanoparticles and
the epoxy matrix and narrow their interaction that is essential
for the interfacial adhesion (Kumar et al., 2016). Furthermore,
the numerical values of all parameters that have been obtained
by fitting the EIS data of E coating system and all epoxy-TiO2

nanocomposite coating systems after 1 and 30 days of immersion
time with its respective equivalent circuit models were tabulated
in Tables S1, S2, respectively.

Recently, several studies confirmed the development of better
corrosion protection performance of polymeric based coating
systems that possess hydrophobic nature (Huang et al., 2019;
Zhang et al., 2019; Zhu et al., 2019). Therefore, the wettability
of the developed coated surfaces become to be considered as

one of the indicators about the corrosion protection ability of
the coating system. In this study, attempts have been made
to enhance the hydrophobicity by modifying the epoxy base
resin with PDMS. From Figures 10, 11, which represent the
Bode and Nyquist plots of E, EP and all PDMS modified
epoxy nanocomposite coating systems after 1 and 30 days of
immersion time, respectively, it can be seen that utilizing PDMS
resin as a modifier have enhanced the barrier properties of
the coating film and ensure the performance stability of the
coating system over the whole periods of immersion time.
Even though the EIS data for EP coating system was found
to be perfectly fitted with Model A of the equivalent circuit
after 1 and 30 days of immersion time, but the bending of

FIGURE 11 | Representative (A) Bode plots and (B) phase angle plots for E, EP, and all PDMS modified epoxy nanocomposite coatings, and Nyquist plots for (C) E,

(D) EP, EPT2, and EPT3, (E) EPT1 coating systems after 30 days of immersion.
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the Bode plot at the high-frequency region and the small
diameter of the semicircle in the Nyquist plot indicate a
fair corrosion ability. Similar observations were reported by
Ammar et al. who utilized the breakpoint frequency concept
to the analysis the stability of the epoxy-PDMS hybrid coating
system and concluded with that fact that as the immersion
time elapsed, larger resistive region and relatively smaller
capacitive region are observed in the area under the Bode
plot which resulted from the shifting of the breakpoint
frequency values toward the higher frequencies region, hence
a reduction of the barrier properties of the coating film is
occurring (Ammar et al., 2017).

Among all developed EP nanocomposite coating systems, the
most pronounced enhancement was recorded for EPT1 coating
system as a Bode plot with slight bending at the low-frequency
region and Nyquist plot with one semicircle after 1 and 30
days of immersion time indicate the capacitive behavior and the
stability of the coating film over the whole period of exposure
without any significant signs for coating deterioration or loss
of the intact barrier properties. Model A of the equivalent

circuit was used to obtain the numerical fitting for both EIS
graphs after 1 and 30 days of immersion time. Furthermore, it
was interesting to notice that 0.1 wt. % of TiO2 nanoparticles
was found to be the optimum loading ratio that results in
the best corrosion protection performance for both utilized
polymeric matrices namely, neat epoxy and PDMS modified
epoxy matrix. Apart from that, more stability against corrosion
was realized for EPT1 coating system with higher impedance
values over the whole periods of immersion. This could be
attributed due to the role of the PDMS modifier in obtaining
the hydrophobicity to the coating film. The relation among
the hydrophobic character of the coated surface and its barrier
properties could be explained as increasing the hydrophobicity
will lead to minimizing the areas of the surface that are in direct
contact with the aqueous electrolyte solution, hence, reducing
the electrolyte absorption within the coating film and enhance
its barrier properties. Moreover, the existence of good dispersed
TiO2 nanoparticles within the PDMS modified epoxy marix
magnified the protection obtained by the coating film against
the pentation of the electrolyte toward the coating—substrate

FIGURE 12 | Bode plot with breakpoint frequency determination of E coating system after (A) 1 day and (B) 30 days and of ET1 coating system after (C) 1 day and

(D) 30 days of immersion with the corresponding capacitive (A1) and resistive (A2) regions.

Frontiers in Materials | www.frontiersin.org 15 January 2020 | Volume 6 | Article 336

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


Shafaamri et al. Effect of Nanoparticles on Coating Performance

interface by filling up the matrix pores and zigzagging the
diffusion pathways (Ammar et al., 2016a). However, as in
epoxy-TiO2 nanocomposites that mentioned above, further
increasing the loading ratio of TiO2 nanoparticles up to 0.2
and 0.3 wt. % did not show any additional improvement
to the corrosion protection performance which could also
attributed to the tendency of the nanoparticles to agglomerate
at the high loading ratios. Furthermore, the numerical values
of all parameters that have been obtained by fitting the EIS
data of E, EP, and all PDMS modified epoxy nanocomposite
coating systems after 1 and 30 days of immersion time
with its respective equivalent circuit models were tabulated in
Tables S3, S4, respectively.

In the ideal coating system, the applied layer covers the
enter surface area of the specimen and acts as a perfect
capacitor. However, as the electrolyte penetrates and reaches
the substrate, it tends to settle in the microporous at the
coating-substrate interface and leads to promote the corrosion
process. Hence, the performance at these spots is considered

as a resistive behavior. Therefore, analyzing the areas under
the bode plot and its interpretations, with the assist of
breakpoint frequency values, could play a vital role in obtaining
a better understanding of corrosion processes at the coating—
substrate interfaces and its implications for film delamination
and loss of adhesion that lead to the degradation of the
protection system. Zhang et al. (2007) have investigated the
delamination of TiO2-epoxy nanocomposite coating system
based on the relation suggested by Hirayama and Haruyama
(1991):

fb =
S

2περ
(1)

Where, S is the ratio of delaminated area to the original
area, ρ is the coating resistivity and ε is the dielectric
constant. Hence, the breakpoint frequency and its changes
over the different period of immersion time for a giving
coating system is proportional to the delaminated area. To
that end, the impedance and phase angles values were plotted

FIGURE 13 | Bode plot with breakpoint frequency determination of EP coating system after (A) 1 day and (B) 30 days and of EPT1 coating system after (C) 1 day

and (D) 30 days of immersion with the corresponding capacitive (A1) and resistive (A2) regions.
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as functions to their frequencies. After that, the intersection
of the breakpoint frequency (fb), which is defined as the
frequency at 45◦ phase angle, with the impedance curve
was considered to distinguish the different areas under the
Bode plots.

With respect to the immersion time, the performance of
the applied coatings could be evaluated based on the regions
under the Bode plot. An intact character of the coating
system is realized when the phase angle remains higher than
45◦ over the whole tested frequency range the area under
the Bode plot is recognized as a capacitive region. While
in the case of observing two areas under the Bode plot
namely, capacitive and resistive regions, coating film undergoing
corrosion is considered (Javidparvar et al., 2019). The failure of
the coating system is confirmed when only a resistive region
is observed below the Bode plot. Figures 12A–D illustrate the
areas under Bode plot for E and ET1 coating systems based
on its fb values after 1 and 30 days of immersion. While
the plots of ET2 and ET3 were illustrated in Figures S9, S10.
Figure 12A shows both capacitive and resistive areas under the
Bode plot of the E coating system after 1 day of immersion
time. As the immersion time elapsed, only the resistive
region was observed in Figure 12B which further indicates the
poor corrosion protection performance of neat epoxy coating
system. Apart from that, the incorporation 0.1 wt. % of TiO2

nanoparticles within the epoxy polymeric matrix has significantly
enhanced the barrier properties of the coating film as the
lower value of breakpoint frequency was recorded, hence,
relatively smaller resistive regions in the low-frequency range
and larger capacitive regions are observed in Figures 12C,D.
No further improvement was realized with increasing the
TiO2 concentrations within the epoxy polymeric matrix as
higher fb values and increased size of the resistive regions
over the capacitive regions were recorded in Tables S1, S2 and
Figures S11, S12.

In the same manner, the influences of PDMS on the
TiO2-epoxy nanocomposite coating systems were discussed by
means of breakpoint frequencies and the areas under Bode
plots were illustrated in Figures 13A–D for EP and EPT1
coating systems. Whereas, Figures S11, S12 show the areas
under bode plots of EPT2 and EPT3, respectively. Comparing
to the neat epoxy coating system, modifying the epoxy resin
with PDMS has resulted in shifting the fb values toward
the lower frequency region, therefore, increases the size of
the capacitive region over the resistive region as observed
in Figures 13A,B. The most pronounced improvement was
realized, in Figure 13C, for EPT1 coating system as the
lowest fb values, the largest capacitive region and smallest
resistive region were recorded after 1 day of immersion
time. Moreover, the remarkable stability of the aforementioned
coating system against the initiation of corrosion whereby the
coating layer successfully prevented the penetration of corrosive
agents was confirmed due to the non-significant changes in
the fb values up to 30 days of immersion time. However,
no further improvement was recorded as the loading ratio
of TiO2 nanoparticles reached 0.2 and 0.3 wt. % due to

the tendency of the nanoparticles to agglomerate and form
larger clusters.

CONCLUSION

Different loading ratios of TiO2 nanoparticles were introduced
within epoxy resin by the utilization of the solution intercalation
method with the presence of the sonication process. Several
characterization techniques were employed to evaluate the
overall performance of the developed nanocomposite coating
systems. FTIR and DSC results revealed the achievement of
proper crosslinked structure of the epoxy-based coating systems
with the presence of cycloaliphatic amine curing agent and
the observation of single glass transition temperature in all
recorded thermographs. Moreover, the dispersion state of TiO2

nanoparticles within the epoxy was investigates by FESEM and
EDX. The Findings confirmed the efficiency of the sonication
process and room temperature curing process in achieving
good desperation of TiO2 nanoparticles especially when it is
loaded at 0.1 wt. %. The incorporation of TiO2 nanoparticles
demonstrated a photocatalytic effect on the coating film as
increased the absorbance at UV region. Lower surface roughness,
higher CA values and better corrosion protection performance
were recorded for all TiO2 nanocomposite coating systems and
the most pronouncing effect was realized with the utilization
of 0.1 wt. % loading ratio. The reported finding revealed the
compatibility of TiO2 nanoparticles to be embedded within the
epoxy matrix and its ability to physically interact with the epoxy
network resulting in high Tg values and better barrier properties
via reducing the porosity and zigzagging the diffusion pathway
of the polymeric matrix. Furthermore, PDMS resin was used to
modified the epoxy-based resin and the hybrid polymeric matric
was used to host different loading ratio of TiO2 nanoparticles.
Similiter to epoxy-TiO2 nanocomposites, good curing level with
proper dispersion state of TiO2 nanoparticles were recorded
with the presence of PDMS modifier. The low surface energy
of PDMS resin led to alter the wettability of the epoxy resin
toward more hydrophobic character. Moreover, 0.1 wt. % of
TiO2 nanoparticles was also confirmed to be the optimum
concentration that significantly enhanced the barrier properties
and corrosion protection ability of the coating film. Therefore,
PDMS resin was confirmed to be a suitable modifier that is able
to enhance the hydrophobicity of the resulting coated surfaces
without alter the curing level, glass transition temperature,
dispersion state and the corrosion protection performance of
TiO2-epoxy nanocomposite coating systems.
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