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A B S T R A C T

Corrosion of reinforced concrete structures is the one of the biggest problems faced by the construction industry, 
with billions of dollars spent annually on corrosion control strategies. Epoxy Coated Rebars (ECRs) have been 
reported to mitigate corrosion in Reinforced Concrete (RC) structures, but due to the inherent brittle nature of 
epoxy, its usage is limited. In this study we have proposed modified epoxy coatings on rebars using reduced 
graphene oxide (rGO) and graphene oxide (GO) along with carbon nanotubes (CNTs) and silane agents for 
improved ductility and corrosion inhibition properties. Hybrid mixture of CNTs and rGO/GO enhances the 
mechanical strength of the coating matrix whereas silane agents improve dispersion and bonding characteristics 
of nano fillers. Differently coated mild steel rebars with rGO/GO based coatings were subjected to accelerated 
impressed current corrosion. Performance of the coatings was evaluated by visual inspection, corrosion current, 
ultrasonic guided wave measurements, mass loss and residual tensile strength. Our results indicate that 
compared to rGO, GO in small proportion (0.4 wt% of epoxy resin) performs superior in corrosion inhibition. The 
GO/CNT nano composites could have potential application in the field of modified ECR reinforced concrete 
structures.   

1. Introduction

Corrosion of civil infrastructures is the biggest challenge faced by the
construction industry worldwide, and it is estimated that billions of 
dollars are spent for their repair and rehabilitation. About $2.5 trillion 
USD is the global cost of the corrosion related maintenance and repairs 
strategies in all industries [1,2]. Over $ 100 billion USD per annum 
worldwide are spent to repair and maintain concrete infrastructure 
alone [3]. Reinforced concrete (RC) is the most widely used material for 
construction in infrastructure industry which suffers corrosion related 
premature failures. Corrosion is a destructive electrochemical process 
that occurs between a metal and its environment [4]. The construction 
of concrete structures utilizes cement which is responsible for CO2 

emissions leading to environmental pollution [5]. Hence, any effort in 
corrosion control strategies for improving the lifespan of concrete 
structures would lead to sustainable environment and persistent econ-
omy. Concrete is vulnerable to environmental degradation due to its 
inherent porous nature, because of which aggressive ions like chlorides 
penetrate into it which destroy the passive oxide layer on the steel/ 
concrete interface, leading to corrosion. This, in turn leads to the for-
mation of rust having 6 to 10 times more volume than parent steel 
volume, thereby generating additional tensile stresses inside the con-
crete, which lead to cracking and spalling of surrounding concrete [4,6- 
8]. 

It is not possible to eliminate altogether corrosion occurring in 
concrete but several corrosion control strategies which focus on either 
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altering the corrosion mechanism or delaying the same have been re-
ported. Researchers have reported to delay corrosion of reinforcing steel 
by reducing permeability of the concrete by introducing admixtures in 
concrete mix like fly ash, polymer fibers or healing microcapsules [9- 
14], or by applying coats or surface treatments on the concrete surface to 
make it impermeable [15-19], or by using corrosion inhibitors which 
prevent the entry of aggressive ions into the concrete [20-23]. Use of 
protective/sacrificial coatings on the reinforcing steel like galvaniza-
tion, epoxy-based coatings, and zinc based cathodic protection etc. have 
been reported to be very effective for corrosion inhibition. The protec-
tive coatings delay initiation of corrosion by forming an impermeable 
and impenetrable layer on steel rebars. Sacrificial coatings, on the other 
hand, form a thin layer of a sacrificial metal like zinc, which has lower 
electrode potential than steel. Being more reactive than steel, zinc loses 
electrons in place of steel, thereby providing cathodic protection of steel 
rebars in concrete [24-28]. 

In recent years, epoxy-coated rebars (ECRs) have been considered to 
provide an effective and reliable method for mitigation of corrosion in 
aggressive media. It, however, needs further investigation for wider 
applications [29,30]. Epoxy coating layer provides an impermeable 
layer after complete curing of the film to act as a physical barrier to 
separate the steel substrate from the corrosive environment. The ECRs in 
RC structures compromise bond between steel and concrete but this 
problem can be tackled by modification in the development length for 
on-site application [31-33]. The biggest challenge in the use of epoxy 
coating on rebars is its brittle nature. It undergoes damage due to 
chemical and mechanical forces on site, due to which the long-term 
durability of these coatings can be compromised. Also, the presence of 
micro-pores in these coatings during fabrication leads to catastrophic 
failures with micro-pores acting as sites of corrosion/damage initiation. 
Studies have been reported for improving the long term durability of 
these epoxy coatings by modification using nano-fillers like nano clay, 
inorganic nano-particles like SiO2, TiO2, ZnO, and self-healing agents, 
etc. [5,34-46]. They have been reported to result in improved chemical 
resistance, better scratch and abrasion resistance and corrosion resis-
tance of the epoxy coatings, and enhanced mechanical strength as 
compared to pure epoxy coatings. But they have their own limitations 
like complication involved in the synthesis procedure of some self- 
healing coatings, long term durability or organic nature. 

In recent times, several studies have been reported for improving the 
corrosion protection of metals using graphene-based coatings. Graphene 
has attracted a lot of attention in the scientific research as well as in the 
industry because of its excellent properties like very high specific surface 
area, low density, excellent thermal and electrical conductivities high 
level of impermeability, hydrophobicity, chemical resistance and me-
chanical strength, which are desirable for a broad range of applications 
including semiconductors, battery energy, composites researches, etc. 
[47,48]. In a popular method for mass production of graphene (Hum-
mer’s method), graphite is used as the precursor material. Using strong 
oxidizing agents, it is chemically exfoliated to form graphene oxide, GO, 
which is converted to reduced graphene oxide (rGO) by chemical or 
thermal treatment [49]. Recently, Lee and Mahajan have presented a 
novel one-pot process for producing GO from coal, which can be then 
converted to rGO using the standard reduction techniques [50]. The 
process was shown to be environment-friendlier and less expensive. The 
rGO produced from both the methods is multilayered (MLG). Single 
layer graphene (SLG), on the other hand, is produced using a so-called 
bottom-up approach in which chemical vapor deposition is deployed 
for synthesis of graphene from carbon-containing chemical compounds 
such as hydrocarbons or silicon carbide. 

Both SLG and rGO are reported to be hydrophobic with high water 
repellency. GO, on the other hand, is a polar and hydrophilic adsorbent 
due to large quantities of oxygen functional groups which having high 
water absorbing properties [51,52]. It has been reported that epoxy 
coatings can be modified with graphene and its derivatives to improve 
the ductility of coatings, enhance their corrosion inhibition capabilities 

by making paths tortuous for large aggressive ions like chloride ions, and 
strengthen their barrier capability through high chemical inertness [53- 
65]. Ghauri et al. [59] studied and compared the anti-corrosion behavior 
of both GO and rGO in epoxy resin and demonstrated that a GO-based 
coating on mild steel is more promising due to the presence of the 
functional groups in GO sheets. Liu et al. [57] reported that GO- based 
modified epoxy coatings had lower current density in potentiodynamic 
polarization measurement, nearly twice in magnitude compared to pure 
epoxy coatings. Recently, Zheng et al. [53] reported that GO filler is 
excellent in bonding with epoxy matrix if it is used in optimum con-
centration; 0.3 wt% GO in epoxy resulted in superior performance. 
Amrollahi et al. [54] reported that GO sheets modified with polyaniline 
and incorporated in epoxy coatings give excellent anti-corrosion abili-
ties. Graphene-based composites behave as cathodic corrosion inhibitors 
and effectively enhance the cathodic protection of coatings [56,66]. 

Owing to their unique properties of high specific surface area and 
good conductivity, both GO and rGO have proved themselves to be the 
best filler materials in industry [67-69]. GO is known to be more 
effectively dispersed as compared to rGO because when GO is dispersed 
in epoxy resin (before addition of hardener), the oxygen-functional 
groups on GO sheet surface will form bonds with epoxide groups of 
epoxy resin and improve its dispersion [70-73]. In addition, when GO 
and rGO incorporated into epoxy it enhances mechanical, thermal and 
electrical properties of epoxy composite [74,75]. Wan et al. [74] re-
ported that silane functionalized GO improved the thermal and me-
chanical properties of epoxy composite. Aradhana et al. [75] reported 
that epoxy-GO adhesive system provides superior mechanical properties 
in comparison with epoxy-rGO adhesive system. But these nano-fillers 
encounter agglomeration during synthesis due to their high surface 
area. To minimize this problem as well as improve dispersion and 
bonding characteristics of graphene-based modified coatings, silane 
agents have been used during synthesis process [57,60,70-73]. Liu et al. 
[57] proposed the use of 3-aminopropyl-tri-ethoxy-silane (APS) and 3- 
Glycidaloxy Propyl Tri-methoxy Silane (GPTMS) as silane agents to 
functionalize graphene, whereas Ramezanzadeh et al. [73] proposed the 
use of Tetraethyl-orthosilicate (TEOS) and APS for silane modification. 
Zheng et al. [53] reported that low concentration of GO is preferable in 
eliminating agglomeration and promoting uniform dispersion; high 
concentration of GO leads to non-uniform coating surfaces. Pourhashem 
et al. [71] used 3-aminopropyl triethoxysilane (APTES) and GPTMS as 
silane agents to modify the surface of GO sheets. Improved adhesion of 
nanocomposite coatings was reported. Aneja et al. [70] reported APTES 
functionalized GO modified coatings for mild steel substrates and 
demonstrated that functionalization provides better barrier protection 
mechanism. 

To further improve the mechanical behavior and toughness of epoxy 
coatings, multi-walled carbon nanotubes (CNTs) can also be used. Yan 
et al. [76] reported that CNTs incorporated in graphene displayed 
toughened structure of graphene through π-π stacking domains and co-
valent bond. Han et al. [77] reported that addition of CNT very effec-
tively reinforced epoxy adhesive and improve its mechanical properties 
by the formation of a rigid network of CNT in epoxy adhesive. Gojny 
et al. [78] reported that addition of CNT in epoxy nano-composites 
improve the material as well as the mechanical properties. Several 
studies have reported and concluded that CNTs noticeably enhance the 
properties of graphene by improving the dispersion and strength of 
nano-composites [68,76-80]. In this work, CNT has been used in epoxy 
coatings to improve which has been reported to help in dispersion of 
rGO and GO in epoxy and toughen the overall coating. 

In this paper, we propose to investigate the corrosion inhibition ca-
pabilities of epoxy-based coatings nano-modified with GO and rGO 
along with CNTs. To the best of our knowledge, while several studies 
have been reported for corrosion protection of different metallic coat-
ings using forms of graphene derivatives, no study has been reported so 
far for investigating the corrosion resistance capabilities of ECR rein-
forced concrete, nano-modified with different graphene derivatives. 

N. Sharma et al.                                                    



Construction and Building Materials 322 (2022) 126495

3

There are many challenges vis-à-vis uniform dispersion of nano-
materials, effect and efficiency of functional groups, actual performance 
of rGO & GO in epoxy coatings on rebars in concrete when they are 
subjected to alkaline concrete media, etc. which have been assessed and 
investigated in this research effort. The ECR nano-modified with gra-
phene derivatives and CNTs were subjected to accelerated impressed 
current corrosion. The performance of these coatings was characterized 
using visual inspection, corrosion current and ultrasonic guided wave. 
Qualitative analysis of corrosion performance of prepared coatings was 
investigated by visual inspection periodically. Quantitative evaluation 
of corrosion inhibition capability was assessed by non-destructive and 
destructive testing. Corrosion current measurements and ultrasonic 
guided wave monitoring technique were used for non-destructive 
analysis whereas mass loss of corroded rebars and residual tensile 
strength of corroded rebars were used for destructive analysis. Further, 
prepared nano-modified graphene-based coatings were also tested for 
pull-out strength characteristics. 

2. Experimental details

2.1. Materials used 

GO and rGO used in this study were purchased from KNV’s Incor-
poration (India), Multi-Walled Carbon Nanotubes (MWCNTs) were 
purchased from Reinste nano ventures Pvt. Ltd. (India). Tetra Ethyl 
Ortho-Silane (TEOS) and 3-Glycidaloxy Propyl Tri-methoxy Silane 
(GPTMS) used as silane agents were purchased from Sigma Aldrich Co. 
(India) and utilized without further purification. Acetic acid (C2H4O2) 
used as a pH modifier, ethanol (C2H5OH, 98%) as an initiator and 
distilled water were purchased from a local supplier. Two-part epoxy 

having resin (Araldite CY 230-1) and curing agent (Aradur HY 951) was 
purchased from Excellence Resins Pvt. Ltd. (India). Plain mild steel bars 
of diameter 12 mm and length 300 mm were used in the present study 
and also purchased from a local supplier. All the materials for the 
preparation of coatings were used without any additional treatment. 

In the present study, to further extend the scope in concrete struc-
tures undergoing corrosion, reinforced concrete samples were prepared 
with coated rebars. Ordinary Portland cement of grade 43 (IS: 8112- 
1989), and locally available fine and coarse aggregates (not greater 
than 10 mm) and tap water were used to prepare concrete mix. M20 
grade concrete was prepared by concrete mix proportions of 1:1.45:2.91 
(cement: sand: coarse aggregates) with water to cement ratio of 0.45. 
Average compressive strength at 7 and 28 days of prepared concrete was 
obtained as 18.1 N/mm2 and 27.9 N/mm2, respectively. Concrete beams 
of size 100 mm × 100 mm × 250 mm were prepared with a centrally 
embedded single rebar of 12 mm diameter and length 300 mm (1 ft.) in 
the middle of the cross-section of the beam having projection of 
approximately 25 mm on both sides. The cast beams were removed from 
the mould after 36 h of casting and cured for 28 days at room temper-
ature. After the curing period, these samples were subjected to accel-
erated impressed current corrosion (Section 2.3). 

2.2. Test program & preparation of coatings 

To examine the influence of graphene derivatives in epoxy coatings 
for investigating their corrosion inhibition performance in rebars, 
different coatings were prepared as outlined in Table 1. Basically, two 
types of graphene-based coatings were prepared— rGO based and GO 
based — to investigate their comparative performance with respect to 
corrosion protection in concrete structures. Additionally, functionalized 
rGO coat was prepared as per the methodology outlined by Ahmadi et al. 
[72], and a dual arrangement of functionalized rGO and GO based 
coating was prepared. 

Five different coatings were prepared along with one control (un-
coated) sample bar. Coating 1 was pure epoxy coating, Coating 2 was 
epoxy coating modified with rGO/CNT and silane agents, Coating 3 was 
epoxy coating modified with GO/CNT and silane agents, Coating 4 was 
functionalized form of rGO without epoxy, and Coating 5 was an 
arrangement of FrGO with GO i.e. with a base layer of functionalized 
rGO layer covered by epoxy coat modified with GO/CNT and silane 
agents. The concentration of GO and rGO (0.4% by weight of epoxy) and 
CNT in the developed coatings have been used as an optimum level as 
recently suggested by researchers [54,68,80]. The uncoated as well as 
all the coated rebar samples were subjected to accelerated corrosion and 
examined using non-destructive and destructive analysis to evaluate 
their corrosion inhibition performances with and without surrounding 
concrete. Another set of coated rebars was also cast in concrete for 
pullout testing. All the samples were continuously monitored 
throughout the corrosion exposure period using ultrasonic guided waves 
and corrosion current, along with periodic visual inspection. 

2.2.1. Preparation of pure epoxy coating 
For the preparation of this coating (PE), two-part epoxy resin and 

hardener were taken in the weight ratio of 10:1 and mixed by stirring 
using mechanical mixer at 500 rpm for 10 min. The resulting matrix was 
ready for coating. Plain mild steel rebars were cleaned using emery 
paper to remove rust present on rebars before coating. A rebar was 
coated with the epoxy matrix by a small paint brush and placed verti-
cally for 6 h. This allowed the excess amount of material to flow by 
gravity and spread the coating evenly throughout the rebar section. The 
rebars were then cured in the oven at 80 ◦C for 3 days before subjecting 
them to accelerated corrosion or casting them in concrete. The dry 
thickness of the PE coatings was measured by standard electronic digital 
Vernier Caliper having a least count of 0.01 mm (10 µm). The average 
thickness of the pure epoxy coating was found to be 250 µm ± 40 µm. 

Table 1 
Coating Details and Test Plan.  

Coating 
No. 

Nomenclature Details Samples 

Plain 
bars 

Bars in 
Concrete 

Cylinders- 
Pull Out 
Testing 

– Control Uncoated rebar 3 3 3 
Coating 

1 
PE Pure epoxy 

coating 
3 3 3 

Coating 
2 

rGO/CNT Epoxy coating 
modified with 
rGO (0.4 wt%), 
CNT (0.1 wt%) 
and silane 
agents (0.5 wt 
%) 

3 3 3 

Coating 
3 

GO/CNT Epoxy coating 
modified with 
GO (0.4 wt%), 
CNT (0.1 wt%) 
and silane 
agents (0.5 wt 
%) 

3 3 3 

Coating 
4 

FrGO Functionalized 
rGO in silane 
solution without 
epoxy 

3 3 3 

Coating 
5 

FrGO þ GO/ 
CNT 

Base layer of 
functionalized 
rGO without 
epoxy covered 
by epoxy 
coating 
modified with 
GO (0.4 wt%) 
and CNT (0.1 wt 
%). and silane 
agents (0.5 wt 
%) 

3 3 3  
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2.2.2. Preparation of graphene based modified coatings 
Coating 2 (rGO/CNT) was prepared using conventional mixing 

method; its schematic diagram is shown in Fig. 1, which shows direct 
incorporation of silane agents and nano fillers in the epoxy resin. In 100 
gm of epoxy resin, a mixture of 0.5 wt% of GPTMS and TEOS as silane 
agents by weight of epoxy resin were mixed using high shear homoge-
nizer for 5 min to facilitate better dispersion of fillers and surface 
modification [57,73]. To this mixture, rGO by 0.4 wt% and CNTs by 0.1 
wt% of epoxy resin were incorporated to enhance the barrier properties 
and strength of coating matrix, respectively. CNTs are also recom-
mended for reinforcing composite structure and improvement in 

dispersion of rGO [68,76-80]. Both rGO and CNTs were mixed in the 
resin and subjected to shear homogenizing at 20,000 rpm for 10 min, 
and further subjected to ultrasonication using a probe sonicator for 10 
min. During ultrasonication, an ice bath was used to control the tem-
perature of the matrix. Post-ultrasonication, the matrix solution was 
cooled for 10 min to reduce its temperature, following which the sample 
was subjected to constant stirring at 500 rpm using a mechanical stirrer, 
with the hardener (10:1) added gradually to the coating matrix for 5–10 
min. The matrix was then coated on the plain bars with paint brush. For 
curing, the procedure described above for curing Coating 1 was 
deployed. The average dry thickness of the rGO/CNT modified epoxy 
coatings was measured as 270 µm ± 40 µm. 

For the preparation of Coating 3 (GO/CNT), its application and 
curing, the procedure identical to that described above was followed by 
replacing GO (0.4 wt% by epoxy resin) in place of rGO. The average dry 
thickness of the GO/CNT modified epoxy coatings were measured as 
270 µm ± 40 µm. 

Owing to the hydrophobic nature of rGO which can improve the 
corrosion resistance by repelling water and other aggressive ions, 
another rGO coating was prepared by its functionalization. Coating 4 
(FrGO) was prepared by the procedure mentioned by Ahmadi et al. [72] 
for silanized graphene oxide nano-sheets, as follows. 

Two solutions were prepared, solution A and solution B. In solution 
A, functionalized rGO was prepared by mixing 46.92gm of ethanol, 
0.575gm of distilled water and 2.5gm of GPTMS using constant mag-
netic stirring for 10 min at room temperature. In the resulting solution, 
rGO was added at a concentration level of 2.5 gm/l. The pH of the 
mixture was adjusted to 4.5 using acetic acid and stirrer using magnetic 
stirrer for 2 h. The pH was then increased to 11 using NaOH solution and 
stirrer for 1 h for condensation reaction. It was then subjected to 
ultrasonication using a probe sonicator for 10 min followed by washing 
using mixture of deionized water and ethanol (60:40 w/w). The washed 
functionalized rGO was extracted from the solution using vacuum 

Fig. 1. Schematic diagram of synthesis of rGO/GO modified epoxy coating.  

Fig. 2. Control bar and prepared coated bars.  
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filtration. Simultaneously, silane solution was prepared (solution B), by 
mixing 40gm ethanol, 0.78gm GPTMS, 1.72gm TEOS and 7.5gm 
distilled water using magnetic stirring. Functionalized rGO extracted 
from solution A was added into solution B, accompanied by continuous 
magnetic stirring for 1 h followed by ultrasonication for 10 min. Plain 
steel rebars were coated with the prepared solution using air spray 
having pressure of 2 atm. After application of the first layer of solution 
the rebar was dried in the oven at 120 ◦C for 10 min. This coating and 
drying process was repeated 3 times to facilitate ensure uniform distri-
bution of rGO throughout the rebar section. After 3rd layer of coating 
application, samples were dried at 120 ◦C for 30 min. The average dry 
thickness of FrGO coatings was 70 µm ± 10 µm. 

Coating 5 (FrGO + GO/CNT) was prepared using a base coat of FrGO 
and applied to rebar samples, which were dried and further coated with 
formulation described for Coating 3 (Table 1) and cured. The average 
dry thickness of FrGO + GO/CNT coatings was 310 µm ± 50 µm. 

All the prepared samples prepared are shown in Fig. 2. It can be 
noticed that pure epoxy has transparent glossy coat whereas rGO/CNT 
and GO/CNT modified epoxy coat look pure black. The FrGO coatings 
were hardly noticeable and FrGO + GO/CNT coatings had a rough top 
surface, mostly due to the base coat of FrGO which creates an uneven 
layer on the rebar samples. Three samples of each of the coated rebars 
were prepared for testing in air as well as for embedding in concrete and 
additionally 3 samples of each coating were prepared for casting in 
concrete cylinders for pull out testing (Table 1). 

2.3. Accelerated impressed current corrosion 

All the steel bar samples, plain as well as embedded in concrete, were 
subjected to accelerated impressed current corrosion at constant voltage 
of 1 V and 15 V, respectively (Fig. 3). High voltage is used for impressing 
corrosion in coated bars in concrete to accelerate corrosion in a lesser 
duration of time to arrive at useful strategies for corrosion inhibition and 
protection [35,81-86,91-93]. A brief description of the testing follows. 
For plain rebar samples, a container of width less than 1ft. with holes at 
the sides to place the rebar was prepared. The rebar was placed in the 
middle of the container with projection of 20–25 mm on both sides, and 
its ends were sealed with clay to minimize corrosion at the junction. A 
stainless steel wire mesh was wrapped around rebars to act as a cathode 
in the corrosion cycle (Fig. 3a) and was connected to the negative ter-
minal of the constant voltage power supply (APLAB Make, Rating of 0- 
5A, 0–64 V). The rebar served as anode and was connected to positive 
terminal of the power supply. The container was then filled with the 
3.5% NaCl solution. Plain rebar samples were corroded at constant 
voltage of 1 V throughout the testing period. Corrosion current was 
noted after every 6 h of interval to quantify corrosion as non-destructive 
evaluation for all the rebar samples without concrete. Three samples of 
each rebar coating type were tested to ensure uniformity and repeat-
ability of results. 

Similarly, for rebar samples embedded in concrete, the concrete 
specimens were wrapped with cotton gauge for maintaining uniform 
moisture by brine solution drip and a stainless steel wire mesh was 
wrapped on top of it (Fig. 3d). The bars acting as anode and stainless 
steel wire mesh as cathode were connected to the power supply and 

Fig. 3. Set-up for corrosion testing.  
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accelerated corroded at constant 15 V voltage. Corrosion current was 
noted after every 12 h interval to quantify corrosion for all the rebar 
samples embedded in concrete. Three samples with each type of rebar 

embedded in concrete were tested and evaluated. 
It is important to know that addition of conductive rGO, GO and CNT 

may increase the electrical conductivity if the concentration of nano- 

Fig. 3. (continued). 

Fig. 4. Setup for ultrasonic guided wave monitoring.  
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filler exceeds the percolation threshold limit. In this study, the concen-
tration of these three moieties used is less than the percolation threshold 
limit [87-90], so an excellent corrosion protection has achieved without 
forming an electrochemical circuit in the system chosen. To further 
substantiate this hypothesis, a simple test of measuring conductivity 
sound check was done for all the coated rebars using multi-meter 
(Model- Rishabh, 400A AC-DC). It was found that no sound was pro-
duced by multi-meter for all coatings indicating coating surface is non- 
conductive in nature. 

2.4. Ultrasonic guided wave monitoring 

The effectiveness of corrosion inhibition of different types of coatings 
mentioned in Table 1 was also studied using non-destructive technique 
of ultrasonic guided waves propagated through rebars. The process of 
monitoring was similar to that suggested by Sharma et al. [35,91]. The 
conventional ultrasonic guided wave mode of L (0, 7) was used for 
excitation at 1 MHz high frequency guided wave, which was reported to 
be effective in picking up pitting effect of corrosion in 12 mm rebars 
[35,82-85,91-93]. A conventional UT system consisting of pulser- 
receiver device (DPR 500, Karl Deutsch Make), 12 mm diameter cylin-
drical transducers (Karl Deutsch Make) with frequency of 1 MHz and 
Data Acquisition Card (DAC) of Aquiris Make was used for ultrasonic 
testing. The ultrasonic testing was done in through-transmission mode 
in which the transmitter as well as receiver probes were kept along the 
longitudinal axis of the rebars (Fig. 4). 

The transmitter and receiver transducers were kept in place using a 
holder assembly to maintain constant pressure at both ends of the rebar 
throughout the testing process. Briefly, the UT system excites the 
transmitter which sends guided wave signals in the rebar, with the 
receiver receiving the transmitted waves at the other end. The trans-
mitted signals through the corroding rebars are then analyzed to assess 
the level of deterioration. It is marked by fall in transmitted signal 
strength due to the pitting and area reduction in the rebars undergoing 
accelerated impressed current corrosion leading to signal attenuation. 
Multiple reflections and guided wave mode scattering due to pits in 
rebars cause drop in signal strength. Fall in signal vis-à-vis signal in the 
initial healthy bar indicates deterioration in the rebars due to corrosion. 

In our experiments, variation in the strength of transmitted signal rep-
resented in the form of peak to peak voltage ratio (w.r.t. amplitude of the 
healthy bar) with increasing corrosion was measured. It is important to 
note that while taking ultrasonic readings, the power supply was kept 
switched off to avoid any interference of signals. 

2.5. Destructive testing 

2.5.1. Mass loss and residual tensile strength 
After the rebars were subjected to designated levels of deterioration, 

they were subjected to destruction testing to estimate their residual 
strength. To this end, mass loss and residual tensile strength of steel were 
evaluated to correlate the non-destructive testing results and quantify 
the extent of corrosion. The corroded samples were removed from the 
container or extracted from the concrete and then cleaned with an iron 
brush to remove the rust product and washed with acetone to remove all 
the remaining corrosion products present on the rebars. Cleaned and 
dried rebars were then weighed to evaluate the mass loss in rebars due to 
corrosion. After weighing the rebars, they were tested on Universal 
Testing Machine (Hung Ta Make, Capacity 1000 KN) at the load rate of 
0.5 kN/second to determine their residual tensile strength. 

2.5.2. Pullout strength testing 
Another set of coated rebars were cast in concrete and subjected to 

pullout test to evaluate the effect of epoxy-based coatings on the bond 
strength between concrete and the rebar. Any kind of coating on rebars 
in concrete should not compromise its bond strength with surrounding 
concrete. This is the basis of design of reinforced concrete sections and 
hence, it is very important to investigate the bond effect of coatings on 
rebars. All five differently coated rebars coatings and control rebars 
were cast in concrete cylinder of 100 mm diameter and 200 mm length. 
The concrete design mix used for the preparation of cylinders was 
similar to that mentioned in Section 2.1. Cylinder specimens having 12 
mm mild steel rebars in the middle of the cross-section were placed at a 
cover of 25 mm from the bottom and projected at the other end by 130 
mm out of the cylinder (Fig. 5a). The casted cylinders were cured for 28 
days at room temperature and then subjected to pull-out strength testing 
using Universal Testing Machine (Hung Ta Make, Capacity 1000 KN) at 

Fig. 5. Pullout test specimen and Set-Up.  

N. Sharma et al.                                                    



Construction and Building Materials 322 (2022) 126495

8

a loading rate of 0.5 kN/second till failure (Fig. 5b). Three samples of 
each type of the coated rebars were tested to calculate the average 
pullout strength. 

3. Results and discussions

3.1. Coating thickness analysis 

For each type of coating (Coating 1-Coating 5, Table 1), thickness of 
a total of 10 samples for each coating type was measured using a digital 
Vernier caliper (Zhart Make, least count of 10 µm). For each of the 
samples, thickness of the coating was measured at three different 

locations 25 mm from top, 25 mm from bottom and at middle of the 
rebar. The average thickness of each of the five coatings is plotted in 
Fig. 6. 

Since the rebars were the plain mild steel rebars without ribs, rebar 
thickness was almost constant throughout the section, with little devi-
ation (maximum of 50 µm in some rebars). Based on the 10 measure-
ments at 3 different spots, it was concluded that the average thickness of 
the PE is about 250 µm with standard deviation of 40 µm. On the other 
hand, the rGO and GO coatings had average thickness of 270 µm with 
standard deviation of 40 µm. The FrGO coating was about 70 µm thick 
with deviation of 10 µm, and the thickness of FrGO + GO coatings was 
measured to be 310 µm with standard deviation of 50 µm. 

3.2. Visual observations 

3.2.1. Coated rebars 
All the coated rebars were subjected to accelerated impressed current 

corrosion and their performance was assessed by visual observations 
and through variation in corrosion current and ultrasonic guided wave 
measurements. Samples were periodically removed from the power 
supply and observed visually to examine the effect of accelerated 
corrosion. Accelerated corrosion was stopped when the guided wave 
signal vanished completely. In control rebars with no coating, corrosion 
initiated within the first hour of the exposure and the bar experienced 
uniform corrosion throughout the length. After 7 days of accelerated 
corrosion exposure, the rebars suffered pitting at different locations and 
within 8–9 days of exposure, ultrasonic guided wave signals completely 
vanished and accelerated corrosion testing was stopped (Fig. 7). 

For the PE coated rebars, within 5–10 days of accelerated corrosion, 
delamination of the epoxy coatings from rebars was observed by bubble 
formation at different spots beneath the epoxy coatings (Fig. 8). It in-
dicates penetration of aggressive chloride ions into the epoxy matrix by 
breakdown of passive layer indicating initiation of corrosion. After 15 

Fig. 6. Average thickness of different types of coatings.  

Fig. 7. Visual images of control (uncoated) rebars.  

Fig. 8. Visual images of PE coated rebars.  
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days, it was observed that at one typical location of a PE bar, epoxy layer 
cracked leading to further ingress of aggressive ions and deterioration. 
After 25 days, this crack broadened and accumulation of corrosion 
product was noticed near it, indicating localized pitting of the rebar at 
this spot. With increasing corrosion exposure, widespread cracking was 
observed accompanied by widespread pitting, which led to drop in ul-
trasonic guided wave signal, with the signal vanishing completely in 44 
days as against 8–9 days in the uncoated rebar. Similar observations 
were made in other similar PE coated rebar samples. 

The rGO/CNT coated rebars held off corrosion for significant 
duration as compared to the PE coatings; no delamination or bubble 
formation was observed for 30 days (Fig. 9), possibly due to the hy-
drophobicity and tortuous path provided by the rGO nano particles in 
the epoxy matrix. The existence of CNTs toughens the graphene struc-
ture and improves the mechanical strength of epoxy nanocomposite 
[68,76,77]. After 30 days, initiation of corrosion was observed by 
breakdown of the passive layer, and within 40 days corrosion spots or 
bubbles were clearly visible, indicating accumulation of the rust prod-
uct. The corrosion spots lead to formation of corrosion crack in about 60 
days. In 100 days, the localized corrosion pit widened due to continuous 
pitting at that location. Spot widened but it is important to note that 
pitting was not widespread at many locations as in the control or PE 
coated bars, but once it initiated at a point, it could not be arrested. This 
was confirmed by a continuous drop in the ultrasonic guided wave 
voltage amplitude, which vanished in 125 days (average for all sam-
ples). Compared to 8–9 days for the control bar and 44 days for the pure 
epoxy coated bar, rGO/CNT coated bars perform significantly better in 
preventing corrosion. 

Impressive as this result was, our data indicated that GO/CNT 

coated rebars perform even better than the rGO/CNT coated rebars. 
There was no delamination or failure noticed in the form of local pits or 
cracks in the coating. After 60 days of accelerated corrosion, the rebar 
looked as healthy as on day 1 (Fig. 10). Even after 125 days of accel-
erated corrosion, the GO/CNT coated rebar showed no visible sign of 
deterioration in the form of pits or failure of coating or cracking at any 
point. This observation was consistent in two samples out of three. Only 
1 sample showed some reddish brown stain at a localized point but no 
other visible increase in corrosion current or drop in guided wave signals 
was observed in this rebar. Till 150 days of accelerated corrosion of GO/ 
CNT coated rebars, no change in non-destructive testing parameters of 
corrosion current as well as ultrasonic guided wave signals was observed 
in all the three samples. 

The superior performance of GO/CNT modified epoxy coatings on 
rebars is due to large specific surface area provided by GO and presence 
of oxygen-functional groups on GO sheet surface which provides a dense 
impermeable layer uniformly distributed in the brittle epoxy, which, in 
turn, provides a tortuous path and entraps the entry of aggressive 
chloride ions [59]. Also GO dispersed more effectively than rGO in 
epoxy because GO oxygen functional groups form bonds with the 
epoxide groups of epoxy resin and improve its dispersion [70-73]. Also, 
optimum percentage of GO (0.3–0.4 wt%) in epoxy matrix eliminates 
the minor coating defects since GO gathers around the defects in coating 
and eliminates them and provides impermeable coating [53,55]. 
Furthermore, even though GO is hydrophilic but in the investigated 
concentration level of 0.4% by weight of hydrophobic epoxy, GO ex-
hibits overall hydrophobicity, which might be the reason for this type of 
performance of GO modified coated rebars [53]. Another reason for 
their outstanding performance can be the lower conductivity of GO, 

Fig. 9. Visual images of rGO/CNT coated rebar.  

Fig. 10. Visual images of GO/CNT coated rebars.  
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which is reported to be approximately 10 S/cm for GO in comparison 
with 0.01 S/cm for rGO [56]. It has been reported that lower electrical 
conductivity of epoxy-GO adhesive is due to presence of oxygen func-
tional groups in GO in comparison to epoxy-rGO adhesive which has 
reduced functional groups, which may assist in delaying the corrosion 
process [75]. Also, the presence of CNT along with GO in epoxy adds to 
the mechanical strength and toughness of these coatings [76,77]. 

A significant observation during testing is the presence of salt de-
posits on GO coated rebars. This can be explained by the hydrophilic 
nature of GO which attracts saltwater but the epoxy admixed with GO 
and CNT forms a dense impermeable network or layer which does not 
allow the entry of these chloride ions into the coating; they accumulate 
on the rebar with no penetration inside. The salt deposits are easily 
rubbed off by hand and the GO/CNT coated bars appear as originally 
coated shiny bars. The coating remained intact even after 150 days of 
accelerated corrosion. 

In functionalized coated rebars without epoxy (FrGO coated rebars), 
corrosion initiated in similar pattern as in the uncoated rebars and 
performed worse than rGO/CNT coated rebars since there was no epoxy 
present in the coating that could make it more vulnerable to the pene-
tration of aggressive ions. Within 2–3 h of exposure, corrosion was 
initiated and after one day of corrosion, black spots were noticed on the 
rebars. Accumulation of the rust product was observed in 3 days, indi-
cating pitting or progression of corrosion (Fig. 11). Within 7 days of 
accelerated corrosion, the rebar was badly corroded and the corrosion 
pits were observed at various locations. The guided wave signal van-
ished in 7 days earlier than for even the uncoated rebars. Similar results 
were noticed for all the other similar samples indicating more aggressive 

corrosion than control samples. This can be explained by the fact that 
the highly conductive nature of rGO results in acceleration of the 
corrosion by speeding up the cathodic reaction by up-take of electrons at 
a higher rate [57,60,63,76]. The clear indication is that although rGO is 
hydrophobic and functionalized with GPTMS, without epoxy this layer 
is ineffective and its conductive nature overpowers its hydrophobicity. 

For the last coating considered on this study FrGO + GO/CNT 
coated rebars, distinctive features were observed as compared to the 
other epoxy coated rebars. During accelerated corrosion testing within 
first week of exposure, several corrosion spots were observed on the 
rebars in 5–7 days (in all three similar samples) (Fig. 12). This is prob-
ably due to the base layer of FrGO without epoxy which becomes the 
weak link and initiates corrosion. The aggressive chloride ions easily 
break this layer since there is no epoxy. Also, the conductive nature of 
rGO nano particles in this layer further accelerates the cathodic reaction 
which overpower its hydrophobic property. Within 40–50 days, the 
corrosion spots spread on the entire rebar with accumulation of the rust 
product, which finally leads to corrosion cracks during the later stages. 
The FrGO + GO/CNT sample could withstand accelerated corrosion for 
an average of 110 days (average of 3 samples). The presence of GO/CNT 
in the top layer with epoxy helps impermeable layer to hold corrosion 
exposure for significant duration. 

The performance of the FrGO + GO/CNT coating is somewhat better 
than the FrGO coating, due to the resistance offered by the top coating of 
GO/CNT with epoxy to corrosion progression though it initiates in the 
underlying FrGO layer having no epoxy. For the FrGO + GO/CNT 
coating, it can be concluded that the immediate layer or base layer on 
the rebar should be very strong so that corrosion does not initiate. The 

Fig. 11. Visual images of FrGO coated rebars.  

Fig. 12. Visual images of FrGO + GO coated rebars.  
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top coating of GO/CNT with epoxy could not hold the corrosion pro-
gression for longer duration as observed in rebars coated with only GO/ 
CNT since corrosion had already spread and initiated in the FrGO layer. 
An important conclusion is that FrGO without epoxy is ineffective, even 
if used in combination of GO/CNT with epoxy as top layer. 

3.2.2. Coated rebars embedded in concrete 
During accelerated corrosion of the coated rebars embedded in 

concrete, visually three stages were observed. In the first stage, the rust 
product accumulates near the projected end of concrete section indi-
cating initiation of corrosion. With the progression in corrosion, a crack 
appears on concrete cross-sectional ends. In the final stage, longitudinal 
cracks originate from sectional ends, which separate the concrete sec-
tion into pieces. For the control rebar concrete specimens, the rust 
product was observed within 7–10 days of accelerated corrosion from 
the projected end of bar from concrete, and cracks appeared at the cross 
section ends within 15–16 days (Fig. 13). The side cracks progressed 
further in the form of surface longitudinal crack parallel to reinforcing 
bar (Fig. 13) in 25–29 days, which divided the concrete section into 
pieces. The control concrete specimen at that stage was in a highly 
dilapidated condition. 

The coated reinforced concrete specimens were accelerated corroded 
for 90 days. In the PE coated rebar reinforced concrete specimen, the 
rust product from sides appeared after 25–35 days in comparison to 
7–10 days in the control specimen. Cracks started appearing at the ends 
within 70 days of corrosion, but these cracks were not as wide as those 
observed in the control specimen after 90 days of accelerated corrosion 
of PE specimens; only hair line cracks were observed on the surface of 
concrete. 

For the rGO/CNT coated rebar concrete specimens, the rust product 
accumulation appeared within 50–60 days of accelerated corrosion and 
no cracks were observed either at the sides or on the surface in 90 days. 
However, in the GO/CNT coated rebar concrete specimens no corrosion 
product was observed at the ends and no visible cracks appeared in 
concrete even after 90 days of accelerated corrosion. 

The FrGO coated rebar concrete specimens perform analogously to 
the concrete samples with control rebar; within 10 days of accelerated 
corrosion rust products accumulated near the ends and after 30 days of 
exposure longitudinal crack on the surface was observed leading to 
concrete specimen in a dilapidated condition. In the FrGO + GO/CNT 

coated rebar concrete samples, within 45–50 days, the rust product 
accumulation was observed near the ends, and after 90 days of accel-
erated corrosion hair line crack was observed at the ends but no crack 
was observed on the longitudinal surface. 

3.3. Corrosion current 

3.3.1. Coated rebars 
During accelerated corrosion testing of the rebars only, a constant 

voltage of 1 V was applied to the sample to accelerate the corrosion 
process. The corresponding variation in the corrosion current was 
monitored regularly and is represented in Fig. 14. Increase in corrosion 
current is an indication of corrosion initiation and progression. Further, 
sudden jump in corrosion current indicates that the coating gives way 
and aggressive ions penetrate and break the passive layer of oxides on 
the bars. In the samples with control rebars, this jump was observed 
within 2–3 h of accelerated corrosion exposure and corrosion current 
suddenly jumped from 0A to 0.3A. Further, the corrosion current kept on 
increasing at a constant rate and reached to a value of 0.42A in 9 days, at 
which time the ultrasonic guided wave signal completely vanished 

Fig. 13. Visual images of beam reinforced with uncoated bar undergoing accelerated corrosion.  

Fig. 14. Variation in corrosion current of rebars.  
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followed by removal of the sample. 
In the PE coated rebar, small corrosion current was observed 

initially at the start of testing between 0.01A and 0.03A which remained 
constant till 6–7 days. After 6 days, sudden increment in corrosion 
current was observed indicating initiation of corrosion by breakdown of 
the passive layer as confirmed visually by the formation of bubbles 
indicating delamination of coating after 5 days. Pure epoxy was thus 
successful in delaying the initiation of corrosion up-to 6–7 days as 
against 2–3 h in control bars. Also, the rate of progression of corrosion in 
the PE coated rebars is very low as compared to control rebars. When the 
corrosion spots got converted into large cracks, a steep jump in the 
corrosion current between 29th − 34th day was noticed. Overall, the PE 
coated rebar sustained corrosion up to 44 days with a corrosion current 
of 0.14A as compared to 9 days and 0.42A in the control bar, 
respectively. 

In the rGO/CNT coated rebars, first increment in the corrosion 
current was noticed after 36–40 days of accelerated corrosion indicating 
breakdown of passive layer and corrosion initiation as against 6–7 days 
for the PE coated bars. This indicates substantial improvement in epoxy 
coating after admixing it with rGO and CNTs as against pure epoxy. 
Further progression of corrosion in rGO/CNT was slow with very small 
increase in corrosion of 0.05A in 75 days; the corrosion current reached 
a maximum value of 0.1A in 125 days of accelerated corrosion. This 
improvement can be attributed to a dense, impenetrable network 
formed in the epoxy which blocks entry of aggressive ions to the rebar. 
Also, since rGO is hydrophobic it repels the saline solution and improves 
its corrosion barrier resistance as compared to the PE coating. 

As already discussed, in the GO/CNT coated rebars no increase or 
change in corrosion current was noticed even after 150 days of accel-
erated corrosion, indicating there is no initiation of corrosion during the 
entire corrosion exposure period. It was also confirmed by the visual 
observations in GO/CNT coated rebars, which showed no sign of 
degradation or deterioration even after 150 days of exposure. Out of the 
three samples tested with GO/CNT modified coatings, one of the sample 
showed reddish brown stains after 150 days of accelerated corrosion but 
there was no visible rise in the corrosion current. Dense and impene-
trable network of GO with CNT in epoxy coating on rebar is even more 
effective than the rGO/CNT network. It can be concluded that GO 
modified coatings can effectively delay corrosion initiation for much 
larger durations with superior performance. 

The FrGO coated rebars behaved almost similar to the control rebar. 
Within 2–3 h of corrosion exposure, corrosion current reached to 0.3A – 
0.34A indicating the breakdown of passive layer and initiation of 
corrosion. But an important difference between the two is that the FrGO 
coated rebars did not corrode uniformly throughout as the control rebar. 
Several pits throughout the length resulting in localized corrosion were 
observed compared to uniform corrosion in control rebars. This confirms 
our earlier conclusion that FrGO without epoxy is not effective at all and 
the rebar will behave similar to the uncoated rebar. Corrosion current 
reached maximum of 0.38A-0.39A after 6 days of accelerated corrosion 
and ultrasonic signal vanished after 6–7 days (average of all three 
samples). 

In the FrGO + GO/CNT coated rebars with FrGO at base layer and 
GO/CNT as top layer corrosion spots were observed visually within 7 
days after having been subjected to accelerated corrosion, but first 
increment in corrosion current was noticed only after 22 days, indi-
cating breakdown of passive layer and initiation of corrosion. The reason 
for the visual corrosion spots not accompanied by any change in 
corrosion current is probably due to their being localized and small size 
rather than deep pits which induce current change. Initially, the pro-
gression of corrosion was very slow as compared to the rGO/CNT coated 
rebars, but it accelerated after 70–80 days of exposure and reached to 
almost the same level as for the rGO/CNT coated rebars at the end of 
testing. The current in this dual coated bar reached 0.1A in 110 days and 
their ultrasonic guided wave signals completely vanished in 110 days of 
exposure. Acceleration in later stages is probably due to weaker 

conductive layer of FrGO without epoxy present beneath the GO/CNT 
coating. From the corrosion current behavior, it can be concluded that in 
the FrGO + GO/CNT dual coating the rate of corrosion is lower but 
corrosion in the early stages initiates in the lower FrGO coating without 
epoxy, although its progression rate is very slow as compared to the PE 
coated rebars. 

3.3.2. Coated rebars embedded in concrete 
The coated rebars cast in concrete were subjected to accelerated 

corrosion at constant voltage of 15 V for 90 days to investigate the ef-
ficacy of modification of the ECR with graphene modifiers in concrete. 
The corresponding variation in the corrosion current with increase in 
corrosion was recorded and is presented in Fig. 15. It is generally 
observed that the corrosion current trends in bars embedded in concrete 
are in exact coherence with bars tested without concrete in Section 
3.3.1. In the control rebar concrete specimen, a first sudden jump in 
corrosion current was observed after 7–8 days indicating initiation of 
corrosion. The bar gave way in 29 days when a maximum current of 
0.22A was observed and its ultrasonic signals had completely vanished. 
Similar trends and behavior were observed in the FrGO bars without 
epoxy (Fig. 15). 

On the other hand, in the PE coated rebars concrete samples, 
corrosion initiation and progression was very slow and corrosion current 
depicted a minor increase from 0.03 A to 0.05A on 45th day indicating 
initiation of corrosion which was also confirmed visually as accumula-
tion of the corrosion product near the cross-section ends. After 90 days 
of accelerated corrosion, current in PE samples reached to 0.1A as 
against 0.22A (two times) in 29 days for the control rebar concrete 
specimens. 

In the rGO/CNT coated rebar concrete specimens, corrosion initia-
tion was observed after 75 days. The corrosion current observed at 90 

Fig. 15. Variation in corrosion current of coated rebars embedded in concrete.  

Table 2 
Summary of corrosion initiation in differently coated rebars.  

Coating Initiation of corrosion (days) 
Coated rebars 

Initiation of corrosion (days) 
Coated rebars embedded in 
Concrete 

Visual 
Observation 

Corrosion 
Current 

Visual 
Observation 

Corrosion 
Current 

Control 1 1 7–10 7 
PE 6–7 6–7 25–35 40–45 
rGO/CNT 28–30 36–40 50–60 70–75 
GO/CNT Never initiated Never 

initiated 
Never initiated Never 

initiated 
FrGO 1 1 8–10 4–10 
FrGO +

GO/CNT 
5–7 20–25 45–50 60–65  
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days was 0.04A as against 0.1A (two times) in the PE concrete samples. 
However, in the GO/CNT coated rebar concrete specimens no change in 
corrosion current was noticed after 90 days, validating the visual 
observation of the concrete specimens and indicating there was no 
initiation of corrosion in the GO/CNT concrete specimens In a twin 
coated FrGO + GO/CNT rebar, increase in corrosion current (0A to 
0.01A) was observed after 60–65 days, which reached to 0.05A after 90 
days of accelerated corrosion. 

Both the visual observations and corrosion current measurements 
support each other as far as corrosion initiation is concerned (Table 2). 
However, among the coated rebar samples, in the FrGO + GO/CNT 
coated rebars, their visual observations indicated more deterioration 
than observed in the corrosion current values where no rise was 
observed till 20–25 days. For the coated rebars embedded in concrete, 
more divergence between the visual and current measurements is 
observed. Hence, for quantitative estimation of corrosion, corrosion 
current measurements need to be supplemented with another NDT 
parameter to investigate the efficacy of different coatings for corrosion 
protection. In this work, ultrasonic guided wave monitoring has been 

used to supplement and support quantification of corrosion [82-84,93]. 

3.4. Ultrasonic guided wave monitoring 

Ultrasonic guided wave approach is generally deployed for nonde-
structive measurement of initiation and progression during accelerated 
corrosion. For ultrasonic guided wave evaluation, differently coated 
samples were removed from power supply and monitored using the set- 
up shown in Fig. 4. The ultrasonic signals transmitted through rebars are 
measured. In healthy condition of rebars, ultrasonic signals have highest 
peak to peak voltage of 3.7 V–3.8 V. With corrosion progression in rebar, 
the ultrasonic guided wave signal drops due to pitting and area reduc-
tion in rebar as a result of accelerated corrosion. Throughout the 
accelerated corrosion testing ultrasonic signatures were captured for 
each rebar sample every 24 h. The corresponding variation in ultrasonic 
guided wave was assessed with increase in corrosion. 

3.4.1. Coated rebars 
Ultrasonic signatures at three different phases of the accelerated 

Fig. 16. Ultrasonic signatures at different phases of accelerated corrosion in coated rebars.  
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corrosion testing for the control rebar and differently coated rebars are 
shown in Fig. 16 and Fig. 17. From ultrasonic signatures, the peak-to- 
peak voltage of the received signals for the bars with increasing corro-
sion is plotted in Fig. 18 as a ratio of that for the healthy rebar. As the 
corrosion increases or coating gives way to aggressive media, the rebar 
start losing its material in the form of rust; pitting initiates and the 
guided wave signal strength starts decreasing since the guided wave 
travelling through the rebar experiences scattering and mode conver-
sions as it interacts with the pits leading to drop in signals. 

From the ultrasonic signatures shown in Figs. 16 and 17, it can be 
observed that initially all rebars have highest signal amplitude which 
depletes with increasing corrosion level. In control rebars, there is a 
consistent drop in the peak-to-peak voltage ratio right from Day 1 and 
finally the signal vanishes in 9 days (Figs. 18 and 16a). The FrGO coated 
rebars, without epoxy, behave in a similar way to control bars and ul-
trasonic signals completely vanish in 7 days pointing to the ineffec-
tiveness of FrGO without epoxy in corrosion inhibition (Fig. 17b). On the 
other hand, in the PE coated rebars, the signal could sustain for 44 days 
(Fig. 16b) as against 9 days in the uncoated bar. Corrosion initiates after 
8 days in the PE bar as indicated by the first drop in the peak-to-peak 
voltage ratio, which continuously falls and depletes completely 
(Fig. 18). It is important to mention that the rate of fall of the peak-to- 

peak voltage ratio in the PE rebars is moderate as compared to the 
control rebar, indicating better performance. 

On the other hand, in the rGO/CNT coated rebars, the bar was able 
to hold corrosion for 125 days as against 9 and 44 days in the control and 
PE coated rebars, respectively. No drop in the voltage ratio was observed 
till 47 days (Fig. 18), but once corrosion initiated, a consistent and 
significant drop in signal was observed until the signal completely 
vanished in 125 days. Also the rate of drop of ultrasonic signals is much 
lower than in the PE coated rebars (pointing towards better inhibition 
offered by addition of rGO and CNT in epoxy in ECR bars. 

In the GO/CNT coated rebars, no drop in ultrasonic signal amplitude 
was observed even after 150 days (Fig. 17a and Fig. 18) of accelerated 
corrosion. These results are in complete coherence with the corrosion 
current measurements. The GO/CNT coated rebars were able to stop 
corrosion from occurring all together. No initiation was picked up either 
visually, or by an increase in corrosion current or by a drop in ultrasonic 
guided wave signals pointing towards the superior and better corrosion 
inhibition as against the rGO/CNT coated rebars. 

The FrGO + GO/CNT coated rebars encountered a drop in the ul-
trasonic signals after 34 days, which is faster as compared to the rGO/ 
CNT coated rebars due to the inner FrGO layer without epoxy. The rate 
of deterioration follows similar trend (slightly better) than the rGO/CNT 

Fig. 17. Ultrasonic signatures at different phases of accelerated corrosion in coated rebars.  
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bars due to outer layer of GO. 
Hence, it can be concluded that the GO/CNT modified epoxy coating 

performs best indicating that epoxy coatings modified with GO/CNT 
form a dense, impenetrable layer on rebars which does not give way at 
all in comparison to the rGO/CNT coated rebars in which corrosion 
initiation as well as progression is observed. 

3.4.2. Coated rebars embedded in concrete 
Ultrasonic guided wave signal amplitudes with increasing corrosion 

in coated rebars in concrete follow similar trends as in plain bars without 
concrete (Fig. 19). In the control rebar concrete specimen, ultrasonic 
signals start falling after 4–5 days and completely vanishes in 29 days. 
However, in the PE coated rebars concrete samples, initial drop in ul-
trasonic signals is observed after 35 days whereas corrosion current 
increase was observed after 45 days (Fig. 15), indicating superior 
effectiveness of ultrasonic guided wave monitoring in picking up bar 
deterioration due to corrosion. At 90 days, the voltage ratio in PE bar is 

still 0.37 as against 0.10 value reached in plain bar in 29 days. 
In the rGO/CNT coated rebar concrete specimens, drop in ultrasonic 

signals was observed after 49 days as against 35 days in the PE concrete 
samples. After 90 days of accelerated corrosion, its peak-to-peak ratio is 
high (0.65) in comparison to PE bars (0.37) indicating better corrosion 
inhibition. However, in the GO/CNT coated rebar concrete samples no 
drop in signals was observed after 90 days of accelerated corrosion 
whereas in the rGO/CNT coated rebars in concrete specimens are not 
able to stop corrosion from occurring all together. 

In the FrGO + GO/CNT coated bars in concrete, drop is observed at 
43 days as against 49 days in rGO/CNT concrete samples pointing to-
wards the less effectiveness of FrGO + GO/CNT coating than rGO/CNT 
coating. Overall, it can be concluded that GO/CNT nano-composite 
modified coatings on ECRs are most effective in corrosion inhibition in 
reinforced concrete specimens as confirmed by visual, corrosion current 
and ultrasonic guided wave measurements. 

Fig. 18. Peak to peak voltage ratio of rebars only with increasing corrosion.  

Fig. 19. Peak to peak voltage ratio of rebar embedded in concrete with increasing corrosion.  
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3.5. Destructive testing 

Destructive testing of the extracted bars after corrosion was done to 
evaluate the mass loss and residual tensile strength for quantitative 
investigation of corrosion extent and to relate to non-destructive 
corrosion current and ultrasonic guided wave results. After the 
completion of a specific duration, differently coated corroded rebars 
were removed or extracted from the concrete sample and cleaned with 

iron brush and acetone to remove the corrosion products on the rebar. 

3.5.1. Visual condition of rebars 
Healthy rebar, control rebar and GO/CNT coated rebar cleaned after 

corrosion exposure are presented in Fig. 20. It can be observed that in 
control rebar reduction in diameter of rebar due to pitting of corrosion 
was almost uniform throughout the length with approximate residual 
diameter of 8–9 mm as compared to the original 12 mm diameter. In the 

Fig. 20. Condition of healthy rebar, corroded control rebar and GO/CNT coated rebar.  

Fig. 21. Corroded rebars with different coatings.  
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GO/CNT coated rebar, the coating was intact with no visual damage due 
to corrosion to the region subjected to accelerated corrosion. But the 
projected ends of this rebar which were uncoated and subjected to 
surrounding aggressive environment experienced minor degradation. 
From Fig. 21 it can be observed that, in the PE coated rebars, a deep pit 
was observed at one place with multiple pits throughout the extracted 
bar. 

In the rGO/CNT extracted rebar deep pits were observed as in PE 
rebars except that the pits were less and did not spread widely as in the 
PE rebar. However, in the FrGO rebar reduction in diameter was non- 
uniform as compared to the control rebar. This may be due to intro-
duction of rGO which inhibits corrosion but the entire length of rebar 
faces corrosion pitting since there is no epoxy in the FrGO rebar coat. In 
FrGO + GO/CNT rebars, several corrosion spots which were noticed in 
visual inspection got converted into deep pits as corrosion progressed. 
Entire rebar was affected by the corrosion degradation with very deep 
pits at some places. 

Cleaned rebars were weighed to evaluate their mass loss after 
corrosion. These extracted rebars were then subjected to tensile testing 
in UTM to determine residual tensile strength to quantify corrosion loss. 

3.5.2. Mass loss 
Average mass loss experienced by corroded control rebar samples 

was 24.5% in comparison to the healthy rebar (Fig. 22a). By compari-
son, the mass loss experienced by differently coated rebars of PE, rGO/ 
CNT, GO/CNT was 11.3%, 8.6%, 0.45%, respectively relative to healthy 
rebar weight. In functionalized rGO samples, it was 17% and 8.9% in 
FrGO and FrGO + GO/CNT, respectively. 

Introduction of pure epoxy effectively reduces corrosion by 
approximately 53% in comparison to the control/uncoated rebar. 
However, the rGO/CNT coated rebars are 65% more efficient than the 
control rebar and 24% more efficient in comparison to the PE coated 
rebars in terms of mass loss experienced. No major mass loss is experi-
enced by GO/CNT coated rebars and they remain uncorroded till 150 
days. A minor mass loss of 0.45% observed in GO/CNT rebar due to the 
erosion experienced on the uncoated projected ends of rebar indicating 
almost 100% efficiency of GO/CNT coated rebars in comparison with all 
other rebars. 

In the FrGO rebars, the mass loss experienced is highest in compar-
ison to other coated rebars except control/uncoated rebars, indicating 
again their ineffectiveness without epoxy. The FrGO + GO/CNT coated 
rebar performs better than PE and has 21% more efficacy in comparison 
with PE rebars since inner layer of FrGO without epoxy is ineffective and 
leads to early initiation of corrosion. 

An upshot of all these results is that out of graphene derivatives of 
rGO and GO, GO/CNT coatings are the best performing modified epoxy 
coatings for corrosion inhibition, as indicated by the data for non- 
destructive corrosion current, ultrasonic guided waves measurements, 
and by mass loss measurements. It is due to the presence of functional 
groups on basal planes in GO sheets, which leads to better bonding with 
epoxy and provides defect free coatings. Further, CNT incorporation of 
carbon nanotubes leads to an impenetrable layer on rebars and blocks 
the entry of aggressive chloride ions inside. On the other hand, in rGO/ 
CNT coatings, rGO though hydrophobic leads to delayed initiation and 
further progression into rebars in comparison with pure epoxy coating 
but not as much effective as GO/CNT coated rebars. Similar encouraging 

Fig. 22. Average mass loss (%) of corroded rebars.  

Fig. 23. Average residual tensile strength of the corroded rebars.  
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results were obtained for the corroded samples extracted from the 
concrete subjected to 90 days accelerated corrosion at 15 V (Fig. 22b). 

3.5.3. Residual tensile strength 
In further affirmation of the results, all the corroded rebars samples 

as well as extracted rebars from concrete were tested to evaluate residual 
tensile strength (Fig. 23a). Due to the pitting and dissolution of metal 
from the rebars, a loss in residual strength is observed for all corroded 
rebars. An interesting observation is that the residual tensile strength of 
control rebar is 48% less and for PE coated samples it increases to 67% 
(Fig. 23a). This is possibly due to the uniform corrosion experienced by 
uncoated rebars and presence of uneven localized large pits in PE rebars 
leading to stress concentration points (Figs. 20 and 21). 

Similar large drop in tensile strength of 70% was observed in the 
rGO/CNT coated rebars due to deep localized pits. Residual tensile 
strength of the FrGO and FrGO + GO/CNT coated rebars reduced by 
58% and 54%, respectively due to multiple corrosion spots but no deep 
pits. 

As expected, no drop in tensile strength is observed with the GO/CNT 
coated rebars since they experienced no deterioration during the entire 
corrosion exposure. Similarly, bars extracted from concrete matched the 
results observed for the coated rebars (Fig. 23b). 

From non-destructive testing of corrosion current and ultrasonic 
guided waves and destructive testing of mass loss and residual tensile 
strength results, it can be concluded that out of different graphene de-
rivatives used in the study GO/CNT modified epoxy coatings did not 
give way at all and performed the best whereas rGO/CNT modified 
experienced degradation. GO/CNT reported no corrosion spots in visual 
inspection, no increase in corrosion current no voltage drop during 
guided wave monitoring and reported highest residual tensile strength 
and lowest mass loss. For rebars in concrete as in RC structures, this 
study suggests the modification of epoxy in small proportion by GO 
along with CNT as against rGO/CNT for corrosion inhibition in ECR. 
CNT adds to the better dispersion and reinforce graphene derivatives 
and provides mechanical strength to epoxy coatings. 

The destructive testing results of mass loss and residual tensile 
strength validate non-destructive corrosion current and ultrasonic 
guided wave measurements indicating their efficacy for picking up 
corrosion degradation in RC structures. 

3.6. Pull-out strength 

Finally, for completeness of work, concrete cylinders (Section 2.6.2) 
with control rebar and coated rebars were subjected to pullout strength 
testing in uncorroded condition to evaluate their bond strength with 
surrounding concrete. The pull out strength experienced by each rebar is 
represented in Fig. 24. As indicated there, pull-out strength of the PE 

coated rebars is lowest among all other samples since pure epoxy 
introduced glassy and very smooth surface. In the rGO/CNT and GO/ 
CNT coated rebars, pull out strength was close to the control rebar. With 
the introduction of graphene derivatives, rGO and GO with CNTs, the 
surface texture of coatings is relatively rough in comparison to that for 
pure epoxy, resulting in relatively higher pullout strength. 

On the other hand, pullout strength of the FrGO rebars is similar to 
that for the control rebar samples due to the absence of epoxy. Further, 
in the FrGO + GO/CNT coated rebars, pullout strength recorded is 
slightly more than that for even the control rebar. This is because the 
surface is very rough and can also be noticed in the prepared sample 
(Fig. 2). It may be due to the introduction of the base coat of FrGO 
without epoxy, which makes top surface uneven resulting in irregular 
surface finish. 

From the pullout strength, it can be noticed that the degree of vari-
ation in all the coated rebars is not significant but modification by GO/ 
CNT and rGO/CNT causes little improvement in bond strength as 
compared to pure epoxy coatings. Hence, nano-modification of epoxy in 
ECR by graphene derivatives not only enhances corrosion inhibition 
capabilities but also improves the bond strength. 

4. Conclusions

In the present study, the efficacy and efficiency of epoxy coated re-
bars modified with graphene derivatives of GO and rGO are investigated 
for the corrosion protection of reinforcing steel. The degree of inhibition 
offered by different coatings and their performance was evaluated by 
qualitative visual inspection, quantitative indicators of non-destructive 
parameters of corrosion current and ultrasonic guided waves, and 
destructive parameters of mass loss and loss in tensile strength (Section 
3). The following main conclusions are derived from this study:  

• Rebars with epoxy coatings modified by graphene derivatives of rGO
and GO with CNTs form a dense, impermeable and durable coating
when compared to pure epoxy coatings vis-s-vis corrosion inhibition
capabilities. Plain epoxy coated rebars only hold corrosion initiation
by 7–8 days as against 40–50 days in rGO/CNT coated bars, as
indicated by an increase in the corrosion current and a drop in
guided wave signal. No change altogether in corrosion current and
guided wave signal voltage in GO/CNT bars is observed throughout
the accelerated corrosion exposure (No initiation).

• Plain epoxy coated rebars could effectively hold corrosion till 44
days when guided wave signals vanish completely as against 125
days in the rGO/CNT coated bars. No drop in the guided wave signal
and increase in corrosion current was observed in GO/CNT coated
rebars even after 150 days of corrosion exposure.

Fig. 24. Average pullout strength of rebars in cylinder.  
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• Millions of nano particles in the form of graphene derivatives of rGO
and GO along with CNTs in the epoxy matrix offer tortuous paths for
diffusion of the aggressive media. The presence of functional groups
on the surface of GO sheets traps the aggressive ions within its
network whereas highly hydrophobic nature of rGO leads to better
corrosion protection than PE coatings.

• Non-destructive testing results of corrosion current and ultrasonic
guided wave monitoring are well validated and corroborated by
destructive tests of mass loss and residual tensile strength of corroded
coated samples. The rebars coated with PE and rGO/CNT respec-
tively experienced comparable mass loss (11.3% and 8.6%) and loss
in tensile strength (67% and 70%). On the other hand, the GO/CNT
samples experienced marginal mass loss (0.45%) due to minor
corrosion at the ends and practically no drop in tensile strength.

• Similar encouraging and repeatable non-destructive as well as
destructive results were obtained in nano-modified coated rebars
when embedded in concrete utilizing graphene derivatives.

• Epoxy modified with GO/CNT offers a superior coating as compared
to rGO/CNT for long term corrosion protection of RC structures in
aggressive chloride corrosion environment as in marine conditions.
This is because, GO is successful in blocking the entry of aggressive
larger chloride ions which are responsible for breakdown of the
passive layer of oxides on rebars, which initiates corrosion. It pro-
vides a dense impenetrable network due to the presence of functional
groups on basal planes of GO sheets. rGO offers short term protection
due to its hydrophobicity but its conductive nature compromises the
long term protection to corrosion.

• The modification of epoxy by graphene derivatives of rGO and GO
added to the bond strength with surrounding concrete as compared
to pure epoxy coating. Hence, modifications in ECR would enhance
the load carrying capacity in RC structures.

• Table 3 represents the vis-à-vis comparison of performance of
differently coated rebars in terms of initiation and progression of
corrosion of coated rebars as recorded in this study.

• Finally, the modification of epoxy by graphene derivatives of rGO
and GO added to the bond strength with surrounding concrete as
compared to pure epoxy coating. Hence, modifications in ECR would
enhance the load carrying capacity in RC structures.

We believe that these results would have great impact in the terms of
increasing safety and overall service life of RC structures by drasti-
cally cutting down repair and maintenance costs.
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