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The corrosion performance of smooth steel rebar coated with pure enamel, mixed enamel, and double
enamel, and embedded in mortar cylinders were quantified in 3.5 wt.% NaCl solution using open-circuit
potential (OCP), linear polarization resistance (LPR), and electrochemical impedance spectroscope (EIS)
tests over a period of 173 days. The mixed enamel was prepared by adding calcium silicate contained
in cement into the pure enamel. The double enamel consisted of an inner pure enamel layer and an outer
mixed enamel layer. Results indicated that after 27 days of immersion, corrosion initiated and was rap-
idly developed in uncoated and the mixed enamel coated specimens. Although the OCP indicated a high
likelihood of corrosion initiation, the pure enamel and double enamel coated rebar had significantly
lower corrosion current densities, and thus remained in passivity throughout the entire test period. This
behavior was further verified by the forensic study and EIS results.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Steel rebar in concrete is generally protected by a thin passive
film formed due to the high alkalinity of fresh concrete pore solu-
tion [1,2]. However, this thin film can be degraded by the penetra-
tion of carbon dioxide and aggressive ions such as chloride [3,4].
When this happens, corrosion will initiate in the presence of mois-
ture and oxygen, resulting in the formation of corrosion products
that are usually several times greater in volume than the original
steel consumed. These expansive corrosion products may lead to
cracking and spalling of concrete cover, which is a typical conse-
quence of corrosion of steel in concrete. In addition, corrosion
may impair structural capacity through reduction of reinforcement
cross section and the loss of bond between reinforcement and con-
crete [5–8]. Corrosion protection of steel rebar is often achieved by
adding inhibitors in concrete [9–11], using high performance con-
crete mixtures [12–14], using protective coatings [15–18], using
stainless steel [19,20], and applying cathodic protection [21,22].
Among these methods, use of protective coatings is the most eco-
nomical and effective method since it can establish a physical bar-
rier between aggressive ions and the steel rebar.
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Porcelain enamel is a vitreous or glassy inorganic coating
bonded to the substrate metal by fusing glass frits at a temperature
of 750–850 �C. It has been extensively used in domestic and indus-
trial applications that require chemical, high temperature, corro-
sion and mechanical protection [23]. The properties of enamel
coating are flexible and can be controlled by altering the chemical
composition or microstructure, and pre-treating the metal sub-
strate [24,25]. For example, replacing B2O3 with SiO2/TiO2 can in-
crease the corrosion resistance of enamel in acidic environments;
adding ZrO2 can improve the performance of enamel in alkaline
environments; increasing CoO and NiO can promote adherence of
the enamel to a metal substrate; and crystallization treatment
can improve the hardness of the coating [26]. Therefore, enamels
can be designed and used to improve corrosion resistance in an
alkaline environment with an enhanced chemical bond to the steel
substrate [27], resulting in an alternative coating for steel rebar ap-
plied in concrete structures.

In a recent study by the authors [28], the microstructure and
phase composition of three types of enamel coating (pure, mixed,
and double enamels) have been examined using SEM and XRD
techniques, and their corrosion resistances were characterized in
3.5 wt.% NaCl solution with open-circuit potential, electrochemical
impedance spectroscope and potentiodynamic polarization meth-
ods. The test results showed that all three enamel coatings can im-
prove the corrosion resistance of steel rebar to various extents.
However, the effectiveness of these enamel coatings to protect
steel rebar from corrosion in an application environment in
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concrete/mortar, and more importantly, the change in their corro-
sion resistance over time have not been well understood. In addi-
tion, a comprehensive evaluation of the corrosion process over
time, including chloride ion ingress, passive film degradation,
and corrosion resistance degradation of enamel coated rebar have
never been studied systematically.

This study aims to investigate the time-varying corrosion perfor-
mances of three types of enamel coating in 3.5 wt.% NaCl solution
with enamel coated, smooth steel rebar embedded in ordinary Port-
land cement mortar cylinders. The chloride ion ingress, passive film
degradation, and corrosion resistance degradation of enamel coat-
ings were investigated over a period of 173 days, using chloride
content, open-circuit potential (OCP), linear polarization resistance
(LPR), and electrochemical impedance spectroscope (EIS) tests.
After various tests, each mortar cylinder was removed and the ex-
posed rebar surface was visually inspected and examined with an
optical microscope for signs of corrosion.
2. Experimental procedures

2.1. Preparation of enamel coatings and mortar cylinders

Enamels are typically silicate-based oxides that are deposited
from slurries and fused at high temperature. The enamel slurry is
prepared by milling glass frits, clay and certain electrolytes, then
mixing with water to provide a stable suspension. Three types of
enamels were investigated in this study: pure enamel, mixed en-
amel, and double enamel. Pure enamel served as a benchmark
coating commercially available. Mixed enamel is a mixture of pure
enamel and calcium silicate. The mixed enamel was introduced to
enhance the strength of bond between steel bars and their sur-
rounding concrete by increasing its surface roughness for mechan-
ical bond and promoting its chemical reaction with cement for
chemical bond. The double enamel was introduced to combine
the superior corrosion performance of pure enamel and the better
bond behavior of mixed enamel. It consisted of an inner pure en-
amel layer and an outer mixed enamel layer to increase its corro-
sion resistance through the inner layer and enhance its bond
strength through the outer layer.

The pure enamel slurry was made by first adding 454 kg alkali
borosilicate glass frits to 189.3 L water and mixing them for
20 min, and then adding 31.8 kg clay and 2.3 kg borax as suspen-
sion agents, and mixing again for 3.5 h. The chemical composition
of alkali borosilicate glass frit is given in Table 1 [29]. This glass frit
was selected because it contains ZrO2 to improve the resistance of
enamels in alkaline environments, and NiO and CoO to enhance the
adherence strength with steel rebar. The mixed enamel was pre-
pared by mixing 50% calcium silicate directly taken from the Port-
land cement [30] with the 50% pure enamel. The mixed enamel
slurry was made following the same procedure as the pure enamel
slurry.

Commercial steel rebar (12.7 mm diameter) was used in this
study, and its chemical composition was determined and is given
in Table 2. Prior to enamel coating, all steel rebar was sand-blasted
and cleansed with a commercially available cleansing solvent. For
PE and ME coatings, the cleaned steel rebar was dipped into their
corresponding liquid slurry, heated for 2 min at 150 �C to drive
off moisture, fired at 810 �C for 10 min, and finally cooled to room
temperature. For the DE coating, the steel rebar was first dipped
Table 1
Chemical composition of alkali borosilicate glass frit.

Materials SiO2 B2O3 Na2O K2O CaO

Wt.% 44.0 19.3 15.8 2.8 0.0
into the PE slurry and heated for 2 min at 150 �C to drive off mois-
ture, then dipped into the ME slurry and heated to 150 �C again to
drive off moisture, finally fired for 10 min at 810 �C. The firing
treatment at high temperature was used to melt the glass frit
and chemically bond the enamel to the steel rebar.

Mortar was prepared using a mixture of cement, fine aggregate
and water. Type I Portland cement was used, and its chemical com-
position is listed in Table 3. Missouri River sands were used as fine
aggregates with a maximum size of 6.35 mm and a fineness mod-
ulus of 2.80. The water/cement ratio was 0.55. The proportion of
sand used in the mix was 2.81 times the weight of the cement.

Cylindrical mortar specimens were prepared as shown in
Fig. 1a; each cylinder is 38.1 mm in diameter and 114.3 mm tall.
One 88.9 mm long steel rebar specimen, either uncoated or enamel
coated, was placed along the centerline of the cylinder as shown in
Fig. 1a. A copper wire was welded to the top end of the rebar to
provide an electrical connection. To force the corrosion activity in
the middle portion of the steel rebar and avoid any potential cre-
vice corrosion at the two ends, each end of the rebar was encased
in a PVC tube filled with epoxy resin. Therefore, the actual length of
rebar potentially exposed to the corrosive environment was
approximately 50.8 mm, with a surface area of approximately
20.3 cm2. The clear cover of mortar around the exposed portion
of the rebar was 12.7 mm. For the casting of each specimen, a
PVC pipe with a nominal inside diameter of 38.1 mm was used
as a mold, and the steel rebar and the PVC mold were held in place
by grooves pre-cut on a bottom plywood sheet as shown in Fig. 1b
and c. To ensure a proper consolidation, each mortar specimen was
cast in three layers, each compacted 25 times with a 6.35-mm-
diameter steel rod and tapped 15 times with a small rubber mallet
on the PVC mold to close the potential void generated by each rod-
ding/compaction. All specimens were de-molded after 24 h, placed
in a curing room at room temperature and 100% relative humidity,
and cured for 28 days prior to testing. Three identical specimens
were prepared for each condition, and the specimen whose test re-
sult lies in between the other two was selected to represent the
coating system. For reference, mortars with uncoated steel rebar
were also prepared at the same time.

2.2. Mortar/steel interface

The microstructure of the interfaces between the mortar and
steel rebar was investigated through scanning electron microscope
(SEM, Hitachi S4700). One 8.0 mm thick cross section of mortar
was sectioned with a diamond blade for each of the uncoated,
PE, ME, and DE coated steel rebar reinforced specimens. The slices
were polished using silicate carbide papers with grits of 80, 180,
320, 600, 800 and 1200, rinsed with de-ionized water, and placed
in an oven prior to the SEM study. Mounting epoxy was cast
around each specimen to protect the mortar and enamel coating
from damage during the sample preparation.

2.3. Chloride measurement

Six additional mortar cylinders without steel rebar were pre-
pared to monitor the diffusion process of chloride ions over time.
One cylinder was removed from the NaCl solution approximately
every 30 days and sectioned with a diamond blade into two halves
with one cross section schematically illustrated in Fig. 2. Mortar
CaF2 Al2O3 ZrO2 CoO MnO2 NiO

4.7 4.6 5.3 0.9 1.5 1.0



Table 2
Chemical composition of steel rebar.

Element C Si Mn P S Cr Mo Ni Co Cu V Sn Fe

Wt.% 0.43 0.22 0.95 0.15 0.07 0.17 0.03 0.10 0.01 0.46 0.02 0.02 97.37

Table 3
Chemical composition of Type-I Portland cement (wt.%).

Loss on ignition SiO2 Al2O3 CaO MgO SO3 Na2O K2O Cl TiO2 Fe2O3 P2O5 Total

3.98 19.48 6.80 55.35 3.32 4.35 2.39 1.00 0.02 0.20 2.18 0.19 99.27
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Fig. 1. Mortar cylinder specimens: (a) geometries (unit: mm), (b) groove precut on plywood, and (c) PVC mold for casting.
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Fig. 2. Locations of mortar powder samples for chloride content analysis (unit:
mm).
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powder samples were taken directly from the middle cross section
to avoid disproportionately high chloride contents at the top and
bottom of the specimen. The samples were collected using a
3.175-mm-diameter masonry drill bit at each of three depths from
the cylinder side face: 3.1 mm, 7.9 mm, and 12.7 mm, as indicated
in Fig. 2. To collect representative data points, powder samples
were taken from three locations evenly distributed around the cir-
cumference of the cylinder. The three samples at each respective
depth were mixed together for chloride analysis, totaling 1.5 g.
Using Rapid Chloride Testing equipment manufactured by German
Instruments, Inc., the concentration of water soluble chlorides con-
tained within each powder sample was determined.
2.4. Electrochemical measurements

All mortar cylinders were immersed up to 173 days in glass
beakers that contained 3.5 wt.% NaCl solution at room temperature
and open to the air. The solution was made by mixing the purified
sodium chloride with distilled water. To maintain a constant con-
centration of the test solution, distilled water was added every
2 days to compensate for any evaporative loss. OCP, LPR and EIS
measurements were performed approximately every 30 days, and
prior to testing, the NaCl solution was replaced with fresh solution
to avoid any contamination of the electrolyte. All electrochemical
measurements used a three-electrode test setup consisting of a
25.4 mm � 25.4 mm � 0.254 mm platinum sheet as a counter elec-
trode, a saturated calomel electrode (SCE) as a reference electrode,
and the mortar cylinder and rebar as a working electrode. These
electrodes were connected to a Gamry, Reference 600 potentio-
stat/galvanostat/ZRA for data acquisition. EIS measurements were
taken at five points per decade with a sinusoidal potential of
10 mV applied around the open-circuit potential Eocp with a fre-
quency range of 5 mHz–100 kHz. The LPR curves were measured
within Eocp ± 15 mV at a scan rate of 0.167 mV/s. Representing
the slope of the polarization curve, the polarization resistance, Rp,
can be calculated by:
Rp ¼ DV=Di ð1Þ
where DV and Di represent the voltage and current increments,
respectively, in the linear portion of the polarization curve at i = 0.
LPR measurements were used to calculate the corrosion current
density by the Stern-Geary equation [31]:
icorr ¼ babc=½2:303ðba þ bcÞRp� ¼ B=Rp ð2Þ
where icorr is the corrosion current density, ba is the anodic Tafel
slope, bc is the cathodic Tafel slope, and B is a constant related to
ba and bc. In this study, a tentative value of 26 mV for the B constant
was used [32,3].
2.5. Visual observation

After 173 days of immersion testing, all mortar cylinders were
removed from the NaCl solution and dried in an oven at 60 �C for
1 day. The dry mortar cylinders were removed from the steel rebar
using a steel hammer, and the surface condition of the exposed
steel rebar was examined with an optical microscope.
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3. Results and discussion

3.1. Mortar/steel interfaces

Fig. 3 shows SEM images of the interfaces between the mortar
and coated/uncoated steel rebar prior to immersion test. For un-
coated steel rebar, a passive film was formed due to the high alka-
line mortar pore solution. This passive film is very thin, less than
10 nm as observed with XPS techniques by other researchers
[33,34]. Therefore, it cannot be identified with the relatively low
magnification in Fig. 3a. Fig. 3b shows that the pure enamel coating
has bubbles that were released from the reaction of the enamel
coating with the steel during the enameling process. These bubbles
are isolated and smaller than the coating thickness (150 lm). As
shown in Fig. 3c, the mixed enamel coating, 300 lm thick, has a
porous structure with interconnected channels that were gener-
ated due to an increase in the viscosity of the mixed enamel slurry
as it was heated during firing. The double enamel coating, 250 lm
thick, has similar microstructure to the pure enamel coating as
indicated in Fig. 3d.

3.2. Open-circuit potential, corrosion rate and chloride profile

Fig. 4 is a plot of the OCP as a function of time up to 173 days for
mortar samples with uncoated and enamel coated steel rebar im-
mersed in 3.5 wt.% NaCl solution. The OCP values of all cylinders
were larger than �273 mV/SCE at the beginning of testing and
dropped below �273 mV/SCE at 27 days. According to ASTM
C876 [35], the probability of the initiation of corrosion is 90% at
27 days. The OCP values then remained approximately �700 mV/
SCE and �520 mV/SCE for mortar specimens with uncoated and
enamel coated steel reinforcement, respectively. Initiation of cor-
rosion for mortar cylinders with uncoated steel rebar is due to
breakdown of the passive film induced by chloride ions. For cylin-
ders with mixed enamel coated steel rebar, the penetration of chlo-
rides through connected channels inside the coating initiated
corrosion. For pure enamel and double enamel coated samples,
the initial decrease in OCP may indicate the onset of corrosion
due to small defects that are inherent in the enamel coating
process.
(c) (d

(a) (b

Steel

Steel 

Sand  
Particle 

Sand  
Particle 
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Cement 
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Mixed   
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Fig. 3. Cross sectional SEM images of the interface between mortar and steel rebar for: (a
coated.
Fig. 5 shows the change of corrosion current density as a func-
tion of time by the LPR tests. According to the Durar Network Spec-
ification [32], the corrosion level may be divided into four levels:
passivity when icorr < 0.1 lA/cm2, low corrosion when 0.1 lA/
cm2 < icorr < 0.5 lA/cm2, high corrosion when 0.5 lA/cm2 < icorr <
1.0 lA/cm2, and very high corrosion when 1.0 lA/cm2 < icorr.
Cylinders with uncoated steel rebar experienced all four states:
passive state at the beginning of immersion, low corrosion after
27 days, high corrosion from 54 days to 85 days, and very high cor-
rosion after 116 days. Cylinders with the mixed enamel coated
steel rebar had similar behaviors but reached a high corrosion level
after 116 days of immersion, which indicated a greater corrosion
resistance than the uncoated steel rebar. Mortar cylinders with
the pure enamel and double enamel coated steel rebar remained
in the passive state throughout the test. The corrosion current den-
sity ranged from 0.019 to 0.039 lA/cm2 for mortar cylinders with
the pure enamel coated rebar and from 0.003 to 0.004 lA/cm2

for mortar cylinders with the double enamel coated rebar. The fact
that the double enamel coated samples have a lower corrosion
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) uncoated, (2) pure enamel coated, (c) mixed enamel coated, and (d) double enamel
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current density than the pure enamel coated rebar is mainly attrib-
uted to the thicker double enamel coating as illustrated in Fig. 3b
and d. Note that the corrosion current density from LPR tests seems
inconsistent with the OPC results at a first glimpse. This is because
the areas of the defects in the pure enamel and double enamel
coatings are very small, resulting in an overall small corrosion cur-
rent density defined over the entire coating area exposed to the
corrosive solution. For the mixed enamel coating, the defects
formed during the high temperature firing are interconnected
and covered a more significant area. As a result, the corrosion cur-
rent for the mixed enamel coating is substantially higher than
those of the pure and double enamel coatings as indicated in Fig. 5.

Corrosion of steel rebar initiates when the chloride content on
the rebar surface exceeds the chloride threshold, which is a func-
tion of mortar mix, exposure condition, cement type, and so on.
ACI Building Code 318 [36] specifies the maximum water-soluble
chloride content in concrete in a chloride rich environment to be
0.15% by weight of cement. According to Mehta [37], the level of
chloride content that causes the breakdown of passive film on
the surface of steel ranges from 0.23% to 1.5%. Fig. 6 shows the
change in chloride distribution over time for mortar cylinders in
3.5 wt.% NaCl solution. It can be observed from Fig. 6 that the
chloride content at the location of the steel rebar surface (11 mm
from the mortar surface) in similar mortar cylinders with steel re-
bar was 0.25% after the mortar cylinders had been immersed in the
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Fig. 6. Chloride distribution in mortar with time in 3.5 wt.% NaCl solution.
NaCl solution for 27 days, and increased to 1.25% after 173 days.
Therefore, the mortar cylinders had accumulated sufficient chlo-
ride ions for breakdown of the passive film and the initiation of
corrosion when the initial tests were made.

3.3. EIS results

Fig. 7 shows the impedance diagrams of mortar cylinders with
uncoated and three types of enamel coated steel rebar up to
173 days. The phase-frequency plots in Fig. 7a-3 and c-3 indicated
three time constants for cylinders with the uncoated and mixed
enamel coated steel rebar, regardless of immersion time. The first
time constant in the high frequency range (>104 Hz) is associated
with the dielectric properties of the mortar or combined mortar
and mixed enamel coating [38]. The second time constant in the
middle frequency range (1–104 Hz) is likely attributed to the
dielectric properties of the passive layer formed on the steel rebar
surface due to the high alkalinity of the fresh mortar pore solution
during cement hydration process. The presence of the passive layer
for cylinders with the mixed enamel coated steel rebar is due to the
penetration of mortar pore solution through the connected chan-
nels to the steel surface. The third time constant in the low fre-
quency range (<1 Hz) is closely related to the interface properties
between steel rebar and mortar or enamel coating where corrosion
occurs, namely the double layer capacitance and charge transfer
resistance. The change of impedance spectra over time can only
be reflected by the third time constant in the low frequency range.

Mortar cylinders with the pure enamel and double enamel
coated steel rebar had different behaviors from those with the un-
coated and mixed enamel coated reinforcement. Regardless of the
immersion time, these specimens can be represented by two time
constants as indicated in Fig. 7b-3 and d-3. The impedance magni-
tudes of these two types of mortar cylinders, Fig. 7b-2 and d-2,
were higher than those with the uncoated and mixed enamel
coated steel rebar at all frequencies, Fig. 7a-2 and c-2. The time
constant in the high frequency range (>103 Hz for pure enamel
and >102 Hz for double enamel) is associated with the dielectric
properties of combined mortar and enamel coating. The second
time constant in the low frequency range (<103 Hz for pure enamel
and <102 Hz for double enamel) originated from the interface prop-
erties due to the charge transfer resistance and double layer
capacitance.

The intrinsic dielectric properties of mortar/enamel coating and
passive film as well as the electrochemical behavior at the mortar–
steel interface can be obtained by fitting an appropriate equivalent
electrical circuit (EEC) model to the EIS test data. As illustrated in
Fig. 8, two EEC models were used in this study: (a) with two dis-
tributed constant phase elements (CPEs) for mortar cylinders with
the pure enamel and double enamel coated steel rebar and (b) with
three distributed CPEs for mortar cylinders with the uncoated and
mixed enamel coated steel rebar. Model (a) consists of a salt solu-
tion resistance Rs, capacitance CPEm and resistance Rm of bulk-ma-
trix (combined mortar and enamel coating for pure enamel and
double enamel), charge transfer resistance Rct, and double layer
capacitance CPEdl. Such a model was used by other researchers to
study steel corrosion in carbonated alkali-activated slag concrete
[29]. Model (b) consists of a solution resistance Rs, bulk-matrix
(mortar or mortar and mixed enamel coating) capacitance CPEm

and resistance Rm, passive film capacitance CPEf and resistance Rf,
charge transfer resistance Rct, and double layer capacitance CPEdl.
A model similar to (b) was used to study the electrochemical char-
acteristics of reinforced concrete corrosion [39].

Application of CPEs in the EEC models is attributed to the non-
homogeneity of the system under study. The non-homogeneity
mainly comes from the irregularities on the steel surface, surface
roughness, fractal surface, and in general certain processes
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Fig. 8. Equivalent electrical circuits for mortar cylinders with: (a) pure enamel and double enamel coated steel rebar and (b) uncoated and mixed enamel coated steel rebar.
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associated with an irregular distribution of the applied potential
[19]. The CPE is defined by two parameters Y and n, and its admit-
tance representation is:

YCPE ¼ YðjxÞn ð3Þ

where Y is a parameter with dimension of X�1 cm�2 sn, which is di-
rectly proportional to the capacitance of pure capacitive electrode
[40], x is the angular frequency in rad/s, and n represents the devi-
ated degree of the capacitance of the electrode from the ideal con-
dition of a pure capacitor. When n = 1, the CPE resembles a
capacitor with capacitance Y; when n = 0.5, it represents Warburg
impedance; when n = 0, the CPE represents a resistor with resis-
tance Y�1, and when n = �1, it is an inductor.

ZsimpWin software [41] was used to fit all EIS data. The Chi-
squared value was found to be on the order of 10�3 for all results,
indicating a good simulation with the proposed two EEC models.
For example, Fig. 9 shows the excellent agreement between the
EEC models and the results of four types of mortar cylinders after
116 days of immersion.

Tables 4 and 5 summarize the EEC model parameters for mortar
cylinders with the uncoated and three types of enamel coated steel
rebar. The solution resistance Rs was close to zero when the dielec-
tric properties of the bulk-matrix were extracted by extending the
small arc in the high frequency range to the real axis. It was there-
fore not listed in the tables.

The bulk-matrix resistance and capacitance reflect the ability of
the mortar/enamel coating to resist the penetration of electrolytes
containing aggressive ions and the dielectric properties of the mor-
tar/enamel coating, respectively, both closely related to the porosity
of mortar and enamel coatings. As shown in Table 4, for mortar cyl-
inders with the uncoated steel rebar, the bulk-matrix (mortar) resis-
tance is in the range of 2.68–3.41 kX cm2. For cylinders with the
mixed enamel coated steel rebar, the mortar and mixed enamel
coating resistance is in the range of 3.96–6.91 kX cm2, which is
approximately twice as high as that for the uncoated steel rebar.
This is likely because the mixed enamel coating has a higher
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Fig. 9. Measured versus simulated impedance spectra for: (a) uncoated, (2) pure enam
immersion in 3.5 wt.% NaCl solution.
resistivity than the mortar, despite the presence of connected chan-
nels. Capacitance Ym of the bulk-matrix is in the range of 0.10–
4.06 nX�1 cm�2 sn

m for the uncoated and 0.47–13.2 nX�1 cm�2 sn
m

for the mixed enamel coated specimen, respectively. This range is
in reasonable agreement with other studies in the literature [32,39].

As shown in Table 5, the bulk-matrix resistance of mortar cylin-
ders with the pure enamel coated rebar is in the range of 8.21–
26.9 kX cm2, which is higher than that for the uncoated and mixed
enamel coated rebar. This is attributed to the improved barrier
behavior of the pure enamel coating, despite the isolated pores in
the coating. The bulk resistance of the double enamel coating is in
the range of 193–483 kX cm2, which is approximately 100 times
higher than that with the uncoated steel bar. This is because the
double enamel coating has a relatively thicker coating than the pure
enamel coating. The capacitance of the bulk-matrix is in the range
of 0.67–0.92 nX�1 cm�2 sn

m for the pure enamel coated and 0.83–
0.86 nX�1 cm�2 sn

m for the double enamel coated, respectively.
These values are smaller than the uncoated and mixed enamel
coated, indicating substantial protection from the penetration of
electrolytes through the pure and double enamel coatings.

For the uncoated and mixed enamel coated steel rebar, the
resistance of the passive films varies between 1.0 and 3.2 kX cm2,
and the capacitance is in the range of 10–60 lX�1 cm�2 sn

f . No
change in passive film dielectric property was observed for the un-
coated steel rebar even when the passive film was broken down by
chloride attack. This is likely because the dielectric property of the
passive film is close to that of the corrosion products.

The two most direct parameters to reflect corrosion resistance are
charge transfer resistance and double layer capacitance. These
parameters are related to the charge transfer during the corrosion
process at the interface between the exposed steel and the electro-
lyte inside mortar pore structure; they are a measure of ease of cor-
rosion [42]. For specimens with the uncoated steel rebar, the charge
transfer resistance displayed a continuous reduction with time of
immersion from 285 to 36 kX cm2, indicating a transition from the
passive state to the active state. The same trend was also observed
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Table 4
EEC model (b) parameters for mortar cylinders with uncoated and mixed enamel coated steel rebar in 3.5 wt.% NaCl solution.

Time (day) Rm (kX cm2) nm Ym ðnX�1 cm�2s�n
m Þ Rf (kX cm2) nf Yf ðlX�1 cm�2sn

f Þ Rct (kX cm2) ndl Ydl ðlX�1 cm�2sn
dlÞ

Uncoated steel rebar
0 2.79 0.80 1.03 1.04 0.44 16.8 285 0.70 164
27 2.68 1.00 0.11 4.71 0.20 28.2 188 0.71 629
54 3.05 1.00 0.10 3.07 0.26 11.5 198 0.62 652
85 2.95 0.96 0.21 3.13 0.29 92.2 102 0.59 770
116 3.41 0.55 4.06 1.15 0.47 54.3 76 0.48 502
147 3.39 0.77 2.07 1.81 0.41 48.6 43 0.49 757
173 3.18 0.87 0.46 2.25 0.38 52.7 36 0.52 795

Mixed enamel coated steel rebar
0 6.41 0.87 0.47 2.36 0.19 42.5 960 0.84 226
27 6.91 0.72 3.25 1.46 0.47 42.9 829 0.87 274
54 6.11 0.74 2.57 3.22 0.35 58.5 677 0.86 299
85 3.96 0.80 1.48 2.41 0.38 62.1 634 0.79 308
116 5.23 0.76 2.07 2.05 0.41 45.9 193 0.78 559
147 5.15 0.64 9.98 2.20 0.47 34.1 148 0.76 530
173 4.87 0.60 13.2 2.60 0.46 34.9 143 0.77 536

Table 5
EEC model (a) parameters for mortar cylinders with pure enamel and double enamel coated steel rebar in 3.5 wt.% NaCl solution.

Time (day) Rm (kX cm2) nm Yc ðnX�1 cm�2sn
mÞ Rct (kX cm2) ndl Ydl ðlX�1 cm�2sn

dlÞ

Pure enamel coated steel rebar
0 8.21 0.84 0.57 2410 0.54 4.12

27 14.2 0.71 3.78 3790 0.46 4.80
54 12.9 0.92 0.33 1910 0.58 8.54
85 20.5 0.81 1.22 3750 0.52 8.69

116 26.9 0.78 1.74 3460 0.43 7.07
147 21.4 0.67 7.85 3810 0.32 6.43
173 21.3 0.73 3.39 3350 0.48 11.9

Double enamel coated steel rebar
0 387 0.85 0.23 >104 0.58 1.64

27 193 0.86 0.22 >104 0.57 1.62
54 303 0.85 0.26 >104 0.51 1.78
85 388 0.83 0.33 >104 0.46 1.75

116 455 0.84 0.27 >104 0.48 1.01
147 483 0.83 0.32 >104 0.47 0.81
173 381 0.83 0.34 >104 0.40 0.92
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for the mixed enamel coated steel rebar from 960 to 143 kX cm2. The
charge transfer resistance of the double enamel coating exceeded
104 kX cm2 and cannot be accurately obtained from the simulation
since the obvious diffusion behavior appeared in the low frequency
range. The charge transfer resistance of the pure enamel coated rebar
is also large, ranging from 1910 to 3810 kX cm2. Like the double en-
amel coating, the pure enamel coated rebar appeared to remain in a
passive state over the entire duration of testing. These results were in
agreement with the LPR results.

The double layer capacitance increased from 164 to 795 lX�1 -
cm�2 sn

dl for mortar cylinders with the uncoated steel rebar and
from 226 to 536 lX�1 cm�2 sn

dl for mortar cylinders with the mixed
enamel coated steel rebar, respectively. These results indicate that
the diffusion of chloride ions increased the activity of corrosion at
the double layer interface. The double layer capacitance ranged
from 4.12 to 11.9 lX�1 cm�2 sn

dl for mortar cylinders with the pure
enamel coated steel rebar and from 0.81 to 1.78 lX�1 cm�2 sn

dl for
mortar cylinders with the double enamel coated steel rebar. The
smaller double layer capacitance of the pure and double enamel
coatings also indicated a higher corrosion resistance than the un-
coated and mixed enamel coating.

3.4. Visual observation

Fig. 10 shows the surface condition of the uncoated and three
types of enamel coated steel rebar after they were removed from
mortar cylinders at the end of the 173 days of corrosion testing.
As shown in Fig. 10, rust stains are apparent on the uncoated and
the mixed enamel coated steel rebar only. No rust was observed
on the pure enamel and double enamel coated steel rebar as shown
in Fig. 10b and d. This observation verified the superior corrosion
resistant performance of the pure and double enamel coatings as
indicated by the LPR and EIS test results.

4. Conclusions

Based on the test data and analysis of 38.1-mm diameter mortar
cylinders with embedded #13 smooth steel rebar, both uncoated
and coated with three types of enamel, the following conclusions
can be drawn:

1. Corrosion of the uncoated and mixed enamel coated steel rebar
embedded in mortar cylinders initiated within 27 days of
immersion in 3.5 wt.% NaCl solution, as supported by both the
OCP and LPR tests. Based on the chloride analysis in mortar,
the level of chloride content at the mortar–steel interface also
indicated that the passive film on the steel rebar was most
likely broken down and corrosion initiated after 27 days of
immersion in the solution. The OCP of the tested specimens sig-
nificantly decreased from above to below �273 mV/SCE and
their corrosion current density increased from below the pas-
sivity threshold to a very high corrosion level and high corro-
sion level for uncoated and mixed enamel coated steel rebar
at 173 days, respectively.



(a) (b) 

(d)(c)

Rust

Rust

Fig. 10. Surface conditions of (a) uncoated, (b) pure enamel, (c) mixed enamel, and (d) double enamel coated steel rebar embedded in mortar after 173 days of immersion in
3.5 wt.% NaCl solution.
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2. There was no sign of corrosion in pure enamel and double
enamel coated steel rebar embedded in mortar cylinders. This
finding was confirmed by visual inspections on the tested spec-
imens at the end of corrosion testing. Although the OCP indi-
cated a high probability of corrosion, the corrosion current
density remained below the passivity threshold until the end
of corrosion testing at 173 days.

3. The corrosion behavior of either uncoated or enamel coated
rebar in mortar can be characterized by a single model through-
out the corrosion tests. EIS tests indicated three time constants
for mortar cylinders with uncoated and mixed enamel coated
steel rebar, and two time constants for mortar cylinders with
pure enamel and double enamel coated steel rebar. The first
and last time constants correspond to the high and low fre-
quency behaviors of the capacitive responses of mortar/enamel
coating and the double layer interface, respectively. The middle
time constant for uncoated and mixed enamel coated rebar in
the middle frequency range is attributed to the dielectric prop-
erty of the passive film since the mixed enamel coating has
interconnected pore channels, extensively exposing steel rebar
to the NaCl solution.
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