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Abstract: The deterioration of steel rebar in reinforced concrete is a major issue that reduces RC
structures’ durability and structural integrity. Significant efforts have been devoted to developing
high-performance coatings to provide efficient protection of the rebar, and one promising approach is
to utilize nanofiller as additives to improve the performance of polymer resins. This study aimed to im-
prove the corrosion resistance of steel rebar by applying an epoxy coating with graphene nanoplatelets
(GNPs) and silica nanopowders (NSs) as additives. The corrosion behavior of nanocomposite-coated
rebars was characterized via an electrochemical impedance spectroscopy (EIS) test, and salt spray
exposure was utilized to evaluate the durability of the coated rebars. Investigation of abrasion
resistance and mechanical properties of the coatings was conducted using the falling sand test and
tensile coupon test. In addition, the nanocomposites were scanned by micro-CT to explore the effect
of binary nanofillers on the intactness of the polymeric matrix. The GNP-NS hybrid filler reduced the
void fraction to 0.002%, whereas the void fraction in pure epoxy was 0.07%. Significant reinforcement
was found in the mechanical properties; the addition of GNP-NS hybrid filler increased the tensile
strength to 37.1 MPa, a 56% increase compared to the pure epoxy. Additionally, the GNP-NS hybrid
fillers have led to an improvement of 16% in the Young’s modulus. In terms of corrosion resistance,
the Rc value of rebar coated with GNP-NS coating was about three times greater than the ones coated
with a single-filler epoxy coating during the initial test, and this value remained undegraded after
200 hr of exposure. In contrast, the group containing hybrid fillers displayed the lowest thickness loss
following abrasion testing, with a 74% reduction in thickness loss, showing the coating’s high abra-
sion resistance. Hence, the results reveal that GNP-NS hybrid fillers have superior wear resistance,
mechanical capabilities, anticorrosion properties, and durability. This research provides valuable in-
sights into developing and implementing high-performance polymeric material to protect steel rebars
in concrete structures, therefore significantly increasing the sustainability of concrete structures.

Keywords: nano-modified coating; graphene nanoplatelets; corrosion behavior; steel rebar; protective
coating; reinforced concrete

1. Introduction

Reinforced concrete (RC) is one of the most common materials in the world, and 69% of
bridges are constructed with reinforced concrete in the United States [1]. For infrastructures
located in coastal and marine regions, the vulnerability of steel rebar to the corrosive
environment is a major concern, as the failure of RC structures has potentially devastating
consequences. Therefore, a suitable corrosion mitigation strategy is a critical factor affecting
RC structures’ durability and service life [2]. The corrosion of steel rebar jeopardizes the
structural integrity of RC structures by deteriorating the bonding property of rebar, and
the volume expansion of corrosion products also causes concrete fractures [3].
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Corrosion of steel rebar in concrete structures is a substantial problem that can lead to
structural damage, decreased durability, and increased maintenance costs. When exposed
to oxygen and moisture, corrosion of steel rebar in concrete occurs, which leads to the
growth of corrosion products [4]. Corrosion product occupies a greater volume than steel,
so the formation of rust creates internal stress in the concrete, which results in cracking and
spalling. According to Carvajal et al., in coastal regions, chloride ion ingression is the most
common problem compromising the durability of concrete structures, and their findings
indicate that chloride ingression develops at a speed of 3–5 mm per year [5].

Protection strategies for steel rebar in concrete structures are challenging due to
several factors. Generally, the high alkalinity of concrete (pH > 12) prevents rebar from
corrosion by forming a passive layer surrounding it. However, this protective layer can be
compromised by carbonation reaction and exposure to chloride ions, which both reactions
will penetrate the concrete and react with the surface of the rebar [6]. Meanwhile, rebar is
commonly embedded deeply within the concrete, which makes it challenging to perform
inspection and maintenance [2]. This scenario could result in corrosion damage that
remains undiscovered until extensive corrosion damage has developed, which is costly
to repair. Therefore, polymeric coatings have been used as a protection strategy for steel
rebar in concrete structures [1,7]. Appling a passive corrosion protection film on the
rebar is a practical approach to reducing the corrosion rate of RC structures, and epoxy-
based coatings are commonly used in this scenario [1]. However, several challenges are
associated with using polymeric coatings for this purpose. Epoxy coatings are widely
used as corrosion protection coatings for their good barrier performance and mechanical
properties; however, polymeric coatings often have challenges with long-term durability
and potentially provide insufficient protection of rebar [8]. Epoxy coatings may also suffer
premature deterioration caused by initial defects created in the curing process, which
reduces the barrier performance and accelerates microcrack formation.

Consequently, conventional coatings such as epoxy or other protective coatings might
fail to offer long-term protection, and the coating may be prone to damage during its
construction or service life, resulting in localized corrosion in the damaged area [9,10].
Despite the fact that polymeric coatings have been used to protect steel rebar in concrete
structures, their application is limited due to their protective properties and endurance.
These limitations highlight the demand for ongoing research to develop high-performance
coatings capable of providing long-term protection for steel rebar in cementitious materials.

The incorporation of nanofillers into polymeric coatings has attracted great attention
in recent decades [8,11]. A commonly used strategy for nanofiller reinforcement is to
disperse a single type of nanofiller into a polymeric matrix, as the presence of nanofillers
can improve its anticorrosion, mechanical, and tribological properties [12]. However,
studies have pointed out that a single-filler system improves some properties while de-
grading others [13–16]. For instance, improvements in anticorrosion and barrier properties
could be achieved by adding graphene nanoplatelets [17,18]; however, no mechanical
improvement or a slight decrease could be obtained in GNP/polymer composites [17,19].
Nanosilica/polymers have excellent performances in improving the barrier and tribological
properties [20,21], but a decrease in the Young’s modulus and strength was observed in the
research study [22].

Researchers have suggested utilizing hybrid nanofiller materials to explore the syner-
gistic effect of the nanofillers, thus developing multifunctional coatings based on hybrid
nanofiller composites [13,14]. The strategy of using a hybrid filler system, which is syner-
gized by the integration of nanofillers with different geometric shapes, has been proven to
be an effective method for fabricating nanocomposites to overcome the limitation of the
single-filler system [14]. Better mechanical, electrical, and barrier properties of composites
were observed in these nanocomposites due to the superior dispersion of the nanopar-
ticles [13,14,23]. Kong et al. proposed the use of a carbon nanotube–silica binary filler
system in silicone elastomers to improve the mechanical properties, including the Young’s
modulus, tensile strength, and tear strength [24]. The results suggest the dual-filler system
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offered a homogeneous dispersion of nanofillers and great enhancement of the mechanical
properties of the composites. Polyimide-based nanocomposites with CeO2/nanocarbon
binary filler reinforcement were studied by Nikolaeva et al., and substantial improvement
was observed in their thermal and mechanical properties [25]. Among the most commonly
used nanofillers, the combination of GNP and NS seems to have great potential to im-
prove the protective properties of a polymeric coating, achieving both enhanced corrosion
resistance and mechanical properties [26,27].

In summarizing other researchers’ studies, despite the significance of steel rebar
in RC structures, we found a lack of studies evaluating the protection performance of
these coatings for steel rebar. Despite the significance of developing high-performance
coatings to protect steel rebar in cementitious materials, there are few studies focused on
the implementation of nanocomposite coatings to solve this practical problem, especially
using coating reinforced by GNP-NS hybrid nanofiller, which could offer much higher
reinforcement protection than the conventional coatings. Even though several works
have investigated the performance of hybrid-nanofiller-reinforced coating, most of them
were conducted by evaluating the performance of coated bare steel panels. [26–28]. Thus,
limited information is available for researchers and industries regarding the performance
of GNP-NS nanofiller epoxy-coated rebars.

To address these knowledge gaps, this study was carried out to investigate the protec-
tive properties of GNP-NS epoxy nanocomposite coatings for steel rebars. To the best of
the authors’ knowledge, this study is the first investigation to provide a comprehensive
experimental evaluation of GNP-NS hybrid nanofiller-reinforced coatings’ ability to protect
steel rebars from corrosive conditions and mechanical damage. The corrosion resistance,
abrasion resistance, and mechanical properties were comprehensively evaluated, and the
results explain the advantages of the dual nanofillers using the viscosity test, micro-CT scan,
and SEM techniques. This study is significant in that it provides a practical conclusion on
the protection performance of GNP-NS epoxy coatings after being applied to steel rebars.

2. Experimental Program
2.1. Materials

In this study, polymer resins and nanoparticles were purchased commercially and
used without any further modification or treatment; #4-sized rebars made of grade 40
steel were used, and the surfaces were cleaned with acetone before the coatings were
applied. The steel rebar used in this study was grade 40 rebar with a size number of #4,
indicating that the rebar had a diameter of 0.5 in and a cross-sectional area of 0.2 in2, while
the minimum yield strength was 40,000 pounds per square inch.

The epoxy coating was prepared using a bisphenol-A epoxy resin named EPON 828
and a polyamide curing agent named Epikure 3175 from Hexion Inc. (Columbus, OH, USA).
EPON 828 is a difunctional bisphenol A/epichlorohydrin-derived liquid epoxy resin that
has a density of 1.16 g/mL at 25 ◦C. The modified polyamide EPIKURE 3175 has a density
of 0.94 g/mL and is intended for use with epoxy resins in the formulation of high-solid
ambient-cured coatings. Coatings based on EPON 828 and Epikure 3175 demonstrate
outstanding mechanical, adhesive, long-term corrosion resistance, and chemical resistance.
Graphene nanoplatelets and silica nanopowders were purchased from Cheap Tubes Inc.
(Cheap Tubes Inc., Cambridgeport, VT, USA) and Sigma-Aldrich Corp. (Sigma-Aldrich
Corp., St. Louis, MO, USA), respectively; thus, the GNP had a thickness ranging from 8 to
12 nm, and the NS had a diameter between 10 and 20 nm.

2.2. Preparation of Nanocomposite-Coated Rebar Samples

The nanofiller–epoxy coatings were prepared via a facile procedure that consisted
of high-speed blade dispersion and ultrasonication techniques. Before the dispersion
procedure, 1.0 weight percent of the corresponding nanofillers were added to epoxy resin,
and the weight ratio of GNP and NS was 1:1. The mixtures were subjected to 30 min of
high-speed blade dispersion at 4000 rpm, followed by 60 min of ultrasonication. During
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ultrasonication, the samples were subjected to a 30 s on/off cycle. During the dispersion
procedure, the composites were held in an ice-water bath to avoid overheating the mixtures.
Subsequently, 600 rpm mechanical stirring was undertaken for ten minutes to integrate
Epikure 3175 into the mixture, and the weight ratio between EPON 828 and Epikure 3175
was 65:35.

The steel rebars were dip-coated with the prepared nanocomposite coatings, and the
samples were allowed to dry for 24 h in a room-temperature environment. The coated
rebars were stored for at least three days before any measurements or tests. The integrated
nanofillers were used to label the nanocomposite coatings; for example, the G-E and
S-E samples contained GNPs and NS correspondingly, and the sample with GNP-NS
hybrid additives was marked as GS-E. To ensure the experimental results’ reliability and
validity, 10 dog bones, 4 abrasion disks, and 3 coated steel panels were prepared for each
sample group.

2.3. Characterization of the Nanoparticle-Filled Composite Coating

The rheological properties of coatings were evaluated via a viscosity test performed
using a Brookfield DV-II viscometer (AMETEK.Inc., Middleboro, USA). The nanofiller–
epoxy mixtures were cooled to room temperature at 23 ◦C before the viscosity measurement,
and a #7 spindle was used with a spinning speed of 50 rpm.

A micro-CT scan was used to evaluate the defects/voids in the coating film to study
the interaction between the nanofiller and polymer resin. The scanned sample dimensions
were 15 mm × 20 mm with a thickness of around 1 mm. The study was performed based on
the specimen’s void content; then, the obtained results were evaluated for their correlation
to coating properties.

To evaluate the nanofillers’ effect on the tensile properties of the polymer matrix, a
Shimadzu’s EZ-X was utilized to characterize the tensile strength, ultimate strain, and stiff-
ness for each composite. The measurement was performed according to ASTM D638 [29],
with an elongation speed of 1 mm per minute.

2.4. Corrosion Resistance of the Coated Rebar

The electrochemical impedance spectroscopy (EIS) test was used to evaluate the
corrosion resistance of the coated steel rebar specimens, and the setup is illustrated in
Figure 1. The impedance curve was obtained via a Gamry Reference 600+ spectroscope
(Gamry Instruments Inc., Warminster, USA), while the sample was submerged in a 3.5%
NaCl solution. The reference electrode in the measurement was an aqueous saturated
calomel electrode, and the counter electrode was a platinum mesh.
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A salt spray test was incorporated to identify the long-term corrosion resistance of
the coated rebars, and the specimens were exposed to a corrosive environment in a salt
fog chamber following ASTM B117 [30]. The temperature in the chamber was controlled
at 35 ◦C, and the pH level was maintained between 6.5 and 7.2 by spraying 5 wt.% NaCl
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solution. The EIS data were collected before and after exposure in order to identify the
degradation of corrosion resistance.

2.5. Abrasion Resistance of the Coated Rebar

The falling sand abrasion test was performed in accordance with ASTM D968 [31] to
characterize the anti-abrasion property of coated steel rebars. The test setup is presented in
Figure 2. During the test, silica sands fell from the top container into a 36-inch-long tube
before impacting the coated sample. The abrasion resistance was quantified as the required
volume of sand vs. thickness loss, which can be calculated using the following equation:

Rw =
V

T0 − T
(1)

where V = volume of sand, T0 = thickness before the test, and T = thickness after the test.
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2.6. Evaluation of the Bonding between the Nanocomposite and Concrete Surface

In order to evaluate if the incorporation of nanoparticles would negatively influence
the adhesion strength in the coating–concrete interface, the pull-off bonding strength was
examined via a tension button test. The samples were prepared by casting concrete blocks
to cured nanocomposite plates, as shown in Figure 3a. After that, dollies were glued to
the top surface of the nanocomposite (Figure 3b), and the adhesion strength was recorded
during the test. Before the dollies were applied, the test area was scratched with 100-grit
sandpaper in order to improve the bonding between the dolly and the coatings. The
samples were allowed to completely dry for 24 h before the adhesion test.
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3. Results and Discussion
3.1. The Appearance and Viscosity of the Developed Composites

The rheological property of all the nanocomposite coating systems is discussed in this
section to validate the physical interaction between the nanomaterials and the polymer
matrix. After the dispersion procedure, the viscosity measurements were conducted at
room temperature (23 ◦C), including HSD disperser and ultrasonication.

As shown in Figure 4 a, EPON 828 resin is a clear polymer liquid epoxy resin.
Figure 4b–d demonstrate nanofiller–epoxy mixes, including GNP, NS, and GNP-NS hybrid
nanoparticles, respectively. Compared to pure epoxy, the NS epoxy nanocomposite sample
had reduced transparency and a white color. On the other hand, even a small number of
GNPs darkened the color of epoxy, as epoxy containing both GNP and GNP-NS nanofillers
displayed a dark color with drastically reduced transparency.
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Figure 4. Appearance of epoxy and nanocomposites, (a) pure epoxy, (b) epoxy with GNP, (c) epoxy
with NS, and (d) epoxy with GNP-NS hybrid fillers.

The viscosity of nanocomposites with each type of nanofiller is shown in Figure 5; the
neat epoxy was used as a baseline. With the proper selection of nanoparticles, the viscosity
of nanocomposite can be reduced, which could increase the compactness of the coating
and reduce the number of trapped air voids [32,33]. Studies have indicated the addition
of spherical nanoparticles might effectively decrease the viscosity of polymeric coatings;
however, the viscosity may increase with a higher number of nanoparticles and eventually
exceed the original value of the composite [33].
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Figure 5. The viscosity of mixtures with different types of nanofillers.

The EPON 828 resin is an undiluted clear polymer liquid epoxy resin, and the neat
epoxy resin had a viscosity of 21,440 cP at 23 ◦C. Based on the values from Figure 5, the
addition of GNPs was found to lead to a slight increase in viscosity, reaching 22,480 cP.
The viscosity was very similar between the mixtures containing GNP and NS nanofillers;
however, the NS epoxy sample generally had a slightly lower value compared with GNP
epoxy. The mixture that contained NS had a reduced viscosity of 20,640 cP. The reason that
the addition of NS had no significant impact on viscosity might be due to the agglomeration
level in the matrix.

On the other hand, the combination of GNP-NS nanoparticles significantly reduced
the viscosity, and the value decreased by 20%, reaching 17,040 cp. This observation might
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be due to the higher dispersed level of nanoparticles, as they were able to lubricant the
polymeric matrix more effectively. The advantage of reduced viscosity could increase
the compactness of the coating and reduce the number of trapped air voids, leading to
enhanced mechanical properties and barrier performance [32,33].

3.2. Micro-CT Defect Analysis of the Composites

In this section, the discussion is focused on investigating the influence of defects on the
performance of nanocomposites. Voids are considered a major defect in nanocomposites, so
void analysis of nanocomposites was performed via micro-CT scanning; Figure 6 presents
the scanned 3-D images obtained via micro-CT, which was used to investigate the defects in
the specimens. In polymeric coatings, a high void fraction leads to a significantly decreased
barrier performance and damage tolerance, which results in premature failure or a shorter
lifespan [34–36].
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(d) graphene–nanosilica epoxy, and (e) cross-sectional images of each sample.

The 3-D images obtained from the micro-CT scan for the neat epoxy sample are
presented in Figure 6a. The neat epoxy was found to have a low volume of voids, as most
of the scanned areas were intact layers. A low volume of voids in coating films leads to a
high barrier performance and good mechanical properties, which is one reason that epoxy
is one of the most commonly used protective coatings in metallic infrastructures. The
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3-D image confirmed that the observed defect of the epoxy coating was a void caused by
entrapped air.

Figure 7a presents the void fraction of each group, and Figure 7b shows the results
of void size vs. film thickness. Apparently, neat epoxy has a low void fraction of 0.07%,
which is an acceptable value for a coating system; however, the large void size is the major
drawback of neat epoxy in providing protection for steel rebar.
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On the other hand, the addition of NS mitigated the voids in the epoxy resin as
the void fraction was as low as 0.002%; thus, the maximum void size was reduced by
72%. The significantly reduced defects in the matrix explained the improved overall
performance in the NS epoxy group. With the addition of GNPs, the void fraction was
increased and reached 0.54% in the specimen, the value at which the reinforcement in GNP
epoxy is degraded. This finding is reasonable as incorporating these GNPs increased the
resin’s viscosity, increasing the probability of trapped air in the matrix during application.
However, it is worth mentioning that due the presence of GNPs, the maximum size of the
void was reduced, leading to improved composite performance.

The GNP-NS hybrid filler greatly reduced the defects in the polymeric matrix, sig-
nificantly reducing both the void fraction and the size of voids. The void fraction of the
GNP-NS composite was 0.002%, and the maximum void size was reduced by 41%. Ap-
parently, fewer defects in the coating lead to improved coating performance; in this case,
improved mechanical properties and corrosion resistance were observed in the composites.

3.3. Tensile Properties of the Prepared Composites

The coupon tensile test was used to determine the tensile characteristics of prepared
nanocomposite coatings in accordance with ASTM D638. The results in Figure 8, which
were used to evaluate tensile properties, present each group’s tensile strength, ultimate
strain, and Young’s modulus.

The results in Figure 8a indicate that the presence of both nanosilica and graphene
nanofillers noticeably enhanced the tensile strength of the polymeric matrix. The pure
epoxy group had a tensile strength of 24.7, and the value increased by 19% when GNPs were
added to 29.4 MPa. A more significant improvement in tensile strength was observed in
the NS epoxy sample, in which this value reached up to 32.0 MPa, with a 30% increase. The
combination of GNP and NS fillers further improved the tensile strength, which reached
37.1 MPa, with a 56% increase compared to the pure epoxy. Similar to tensile strength,
enhancements were observed in all the composites with nanofillers, and the failure strain of
unmodified epoxy was 2.1%. Apparently, the presence of spherical nanofillers, nanosilica,
dramatically increased the flexibility of the composite, as the ultimate strain of both NS and
GNP-NS groups reached 3%. The addition of GNPs had the lowest impact on the failure
strain, with a value of 2.8% being observed. Evidently, only the GNP-NS hybrid fillers
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provided a noticeable improvement in Young’s modulus; a 16% increase was observed in
comparison with unmodified epoxy. The Young’s modulus of samples containing GNPs
or NS did not appear to rise, showing that neither graphene nor nanosilica had a role in
improving coating stiffness.
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The overall results imply that the combination of GNPs and NS generates a robust
nanoparticle network, which provides stronger reinforcement than the single fillers. Com-
pared with previous studies with single fillers, the GNP-NS hybrid nanofiller also showed
a greater improvement in tensile properties. For instance, according to the results of
Zakaria et al. [37], the addition of 1% GNP increased tensile strength by a maximum of
11%, whereas another investigation observed that the addition of GNPs increased tensile
strength by a maximum of 20% [38] Meanwhile, Alsaadi et al. pointed out that the pres-
ence of NS increased the tensile strength by 20% when the amount of 3 wt.% of NS was
introduced [39]. In contrast, compared with the previous investigations, the combination of
GNPs and NS showed much stronger reinforcement even when a low number of nanofillers
were used; the GNP-NS fillers improved the tensile strength by 56% when only 1 wt.% of
hybrid nanofillers were added. Therefore, the presence of GNPs improves the reinforce-
ment of NS with regard to tensile strength without sacrificing flexibility, which led to a
more robust polymeric composite coating.

The SEM images of the fracture surface after the tensile test further confirmed the
findings above, as shown in Figure 9. The neat epoxy showed a typical brittle tensile
failure, with a relatively smooth surface with large cracks, as seen in Figure 9a. This
type of failure implies the unmodified epoxy has weak impact resistance and fracture
toughness. Conversely, all the nanocomposites exhibited a more complicated fracture
surface, especially the GNP-NS composite. A similar fracture surface was found in the
NS epoxy composite; however, some large cracks were also observed, indicating weak
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spots created by poorly dispersed nanoparticles. The large cracks in the GNP epoxy
showed good agreement with the tensile properties as the GNP provided the weakest
improvement among all the nanofillers. The GNP-NS epoxy had stronger energy absorption
and improved fracture resistance, which might indicate the strong adhesion between the
reins and well-dispersed nanofillers in the polymeric matrix.
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3.4. Anticorrosion Performance of the Coated Rebars

Steel rebars protected by coatings with high corrosion resistance can prevent corrosive
media from attacking the metallic surface, which significantly extends the service life
of structures. The electrochemical impedance spectroscopy (EIS) test was conducted to
evaluate the corrosion resistance of the coated rebars, as this is a well-established techniques
that can provide quantitative results [40].

The results of the EIS test are illustrated in Figure 10; Bode and phase angle plots were
utilized to examine the corrosion resistance of rebars that were protected with pure epoxy
and nanofiller–epoxy coatings. The Zmod value at low frequency indicates the coating
barrier characteristics; hence, a higher Zmod at 0.01 Hz in the impedance curve indicates
more substantial anticorrosion properties. Salt spray exposure was incorporated to evaluate
the robustness of coated rebar in a severely corrosive environment, and EIS measurements
were performed before and after 200 h of exposure.



Coatings 2023, 13, 604 11 of 16Coatings 2023, 13, x FOR PEER REVIEW 12 of 17 
 

 

  
(a) (b) 

  
(c) (d) 

Figure 10. Impedance and phase angle curves of coated rebars (a,b) before salt spray exposure and 

(c,d) after salt spray exposure. 

Evidently, the GNP-NS epoxy coating combined the advantages of both the GNP and 

NS, as the GNP effectively blocked the penetration of corrosion while the NS mitigated 

the defects in the coating layer. The EIS data revealed the corrosion resistance of rebars 

coated with GNP-NS epoxy had increased more significantly compared with the sample 

reinforced by only a GNP or NS. Unlike the other groups, the Zmod value of GNP-NS-

epoxy-coated rebar barely changed after the exposure, indicating the coating had a very 

low penetration rate, effectively blocking corrosive media from reaching the steel rebar’s 

surface. 

The coating resistance (Rc) value is commonly used to represent the corrosion re-

sistance of coated metallic substrates, and the collected Rc values are shown in Figure 11. 

The epoxy coating exhibited the lowest Rc value for both measurements conducted before 

and after salt fog exposure. The Rc value of rebar coated with GNP-NS was about three 

times higher than that of the single-filler epoxy-coated rebar at the first measurement, and 

the value remained unchanged after 200 hr of exposure. The results clearly show that 

GNP-NS epoxy coating increased the corrosion protection more significantly than the 

coating with only a GNP or NS, which confirmed the findings from Bode curves. 

Figure 10. Impedance and phase angle curves of coated rebars (a,b) before salt spray exposure and
(c,d) after salt spray exposure.

It can be seen that the rebar coated with neat epoxy had the lowest impedance value
at 0.01 Hz, indicating it had the weakest corrosion resistance; thus, similar results were
observed after exposure, as presented in Figure 10c. Considerable improvement occurred
in both GNP-epoxy- and NS-epoxy-coated rebar; thus, the impedance value of the NS-
epoxy-coated sample was slightly higher than that of the GNP-epoxy-coated sample, and
the difference was increased after exposure. This observation is surprising as a GNP, a
two-dimensional nanofiller, is thought to provide a stronger barrier property due to its
extremely high surface area and aspect ratio. On the other hand, the spherical-shaped
nanosilica filler should not have a strong ability to block the penetration of corrosive media.
The results from the micro-Ct scan can explain this phenomenon; the presence of NS
significantly mitigated the voids while the GNP increased the porosity and size of voids
in the polymeric matrix; herein, the introduced voids weakened the reinforcement of the
GNP on the barrier property.

Evidently, the GNP-NS epoxy coating combined the advantages of both the GNP and
NS, as the GNP effectively blocked the penetration of corrosion while the NS mitigated the
defects in the coating layer. The EIS data revealed the corrosion resistance of rebars coated
with GNP-NS epoxy had increased more significantly compared with the sample reinforced
by only a GNP or NS. Unlike the other groups, the Zmod value of GNP-NS-epoxy-coated
rebar barely changed after the exposure, indicating the coating had a very low penetration
rate, effectively blocking corrosive media from reaching the steel rebar’s surface.

The coating resistance (Rc) value is commonly used to represent the corrosion resis-
tance of coated metallic substrates, and the collected Rc values are shown in Figure 11. The
epoxy coating exhibited the lowest Rc value for both measurements conducted before and
after salt fog exposure. The Rc value of rebar coated with GNP-NS was about three times



Coatings 2023, 13, 604 12 of 16

higher than that of the single-filler epoxy-coated rebar at the first measurement, and the
value remained unchanged after 200 hr of exposure. The results clearly show that GNP-NS
epoxy coating increased the corrosion protection more significantly than the coating with
only a GNP or NS, which confirmed the findings from Bode curves.
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3.5. Abrasion Resistance of the Coated Rebars

Resistance to abrasion is a good indicator of a coating’s protective properties against
substrates. Coatings with strong abrasion resistance can have an extended service life,
which is beneficial to protect the rebar. The results from the falling abrasive test were used
to evaluate the wear resistance of the coatings, as presented in Figure 12. The thickness loss
was measured, and the lower value indicates stronger resistance in coatings. Figure 12a
illustrates the thickness loss via abrasive volume, which was proportional to the volume of
sand. Figure 12b presents the abrasion resistance of each coating. Like in other tests, the
unmodified epoxy was used as a reference to evaluate the effectiveness of nanoparticles.
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of coated rebars.

The epoxy-coated rebar had the weakest abrasion resistance, as the coating had the
highest thickness loss of around 11.7, 20.5, and 32.2 µm at 5 × 104, 1 × 105, and 1.5 × 105 mL
of applied abrasive. On the other hand, the addition of both the NS and GNP improved the
abrasion resistance, and the thickness loss was reduced by 43% and 29%, correspondingly.
Results suggest that both the NS and GNP significantly enhanced the abrasion resistance of
the composite. Despite the fact that lamellar-shaped nanoparticles should have excellent
reinforcement capacities due to their high specific surface area, the rebar coated with GNP
epoxy exhibited the lowest improvement in abrasion resistance; researchers have pointed
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out that two factors contribute to this observation: (1) GNPs have low polymer bonding
strength, and (2) GNP nanosheets stack up easily, resulting in a structure that is vulnerable
to mechanical forces [41]. The remarkable improvement in NS epoxy may be attributed to a
number of aspects; first, the spherical-shaped nanoparticles have the maximum dispersion
level; second, NS particles have a large interphase in the polymeric matrix, resulting in the
best mechanical characteristics [42].

The group that contained hybrid fillers exhibited the lowest thickness loss, which was
reduced by 74%. Compared with the pure-epoxy-coated rebar, the abrasion resistance of the
GNP-NS-epoxy-coated rebar was increased by 2.8 times and reached up to 13 L/um, indi-
cating the coating had the strongest abrasion resistance. Apparently, the coating containing
GNP-NS hybrid filler improved the coating’s cohesion strength and hardness, as well as
the ability to transfer the applied stress during the abrasion process, and researchers have
suggested that the abrasion resistance of a coating is determined by those properties [43,44].
Several prior studies demonstrated that the addition of both a GNP and NS could enhance
the abrasion resistance of nanocomposite coatings, such as Alam et al., who pointed out
that 5% NS reduced weight loss by 48% [45]. In one previous investigation, the addition of
2% GNP reduced by 50 percent the material loss caused by abrasion [46]. Hence, similar to
the conclusion regarding tensile properties, the combination of a GNP and NS generates a
more robust nanoparticle network that provides significantly stronger reinforcement. In
this study, the material loss of the GNP-NS-epoxy-coated rebar was decreased by 74%,
demonstrating that this coating has superior abrasion resistance.

3.6. Direct Adhesion between Nanocomposite and Concrete Surface

Figure 13 presents the failure of samples after the adhesion test, and apparently, all
the tested samples failed in the concrete end, indicating the bonding strength between the
coating and concrete was higher than the strength of the concrete. The maximum tensile
strength obtained in this test was 908 psi, indicating that the bonding strength between
each nanocomposite and concrete surface was higher than this value. Studies have been
performed to evaluate the adhesion properties of composites incorporated with GNPs and
NS even if the substrate is steel, and results indicate that the addition of nanoparticles
generally resulted in a higher substrate adhesion strength [47]. In line with this, the
obtained results indicate the addition of nanoparticles did not decrease the nanocomposite
adhesion to the concrete surface.
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4. Conclusions

This study aimed to provide a new approach to improving steel rebar’s corrosion
resistance against a corrosive environment. With a facile fabrication procedure, steel rebars
were coated with a layer of epoxy-based composite reinforced by GNP-NS hybrid additives.
The GNP-NS nanocomposite coating offered improved protective properties compared
to the ones containing only one type of nanofiller, and the performance was evaluated
according to corrosion resistance, abrasion resistance, and mechanical properties. Based on
the collected results, the following conclusions can be drawn:

• The micro-CT test was used to study the nanoparticle shape’s effect on the composite’s
void fraction. The NS nanoparticles mitigated the voids in the coating matrix, while
an increased void fraction was found in the specimen with the GNP. In the GNP-NS
epoxy sample, the presence of NS nanofillers was able to mitigate the voids, which
improved the intactness of the coating, leading to a better overall performance.

• The rebar protected by the GS-E coating had outstanding corrosion resistance even in
severely corrosive environments. The GS-E coating acted as an intact layer to block
the penetration of corrosive media.

• The abrasion resistance of the coating significantly improved after the GNP-NS addi-
tives were mixed, increasing 2.8 times compared to that of the neat epoxy. Thus, rebar
coated with a GS-E coating will have a tougher surface with greater resistance against
abrasion damage.

• The incorporation of GNP-NS nanoparticles led to the best mechanical properties, as
these coatings had the highest tensile strength, ultimate strain, and Young’s modulus
of all the tested samples. Additionally, the results from the adhesion test indicate
that previous nanoreinforcement does not compromise the bonding in the interface
between epoxy coating and the concrete surface.

The results of this study provide an approach to tackling the issues associated with
steel rebar in these structures by using developed high-performance nanocomposite coat-
ing with superior protective properties and durability. The practical application of the
findings in this study is valuable for developing concrete structures such as buildings and
bridges. Due to exposure to moisture and other environmental variables, reinforcing bars
in concrete structures may be subject to corrosion. In addition, structures exposed to harsh
environmental conditions, such as those by the ocean or in other corrosive environments,
require more extensive protection to ensure their durability and safety. With its superior
protection capabilities, the developed coating can provide long-term protection against
corrosion and other forms of damage, decreasing the need for continuous maintenance and
repair, and helping to ensure the durability and safety of civil infrastructures.

With its excellent improvement in the microstructure, corrosion resistance, abrasion
resistance, and mechanical properties, the GNP-NS nano-reinforced epoxy coating has great
potential to provide effective long-term protection for steel rebar in concrete structures.
Therefore, a subsequent study should be conducted in order to reveal the inter-actions
between coated rebar and concrete structures in both the short and long term, such as one
exploring bond behavior and bonding characterization.
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