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Corrosion resistances of steel rebar with different enamel coatings, and with fusion bonded epoxy coat-
ings were investigated in 3.5 wt.% NaCl solution by Electrochemical Impedance Spectroscopy (EIS). The
sensitivity to damage of the coatings was characterized and it was found that the pure and double enamel
coatings can protect the steel rebar better than the mixed enamel coating due to their denser microstruc-
tures with isolated pores. Damaged enamel coating was locally corroded, whereas corrosion at a defect
often undercut the epoxy coating. The intact epoxy coating offered better corrosion protection than
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1. Introduction

Corrosion of reinforcing steel is common in reinforced concrete
structures around the world. It causes premature deterioration of
civil infrastructures such as highway and railway bridges, offshore
platforms, pipelines, and dams. According to Koch et al. [1], the
annual cost of corrosion in the United States is approximately $8
billion for highway bridges alone. Corrosion of reinforcing steel
in concrete results from two main sources: carbonization and chlo-
ride penetration [2]. Chloride mainly comes from road deicing salts
in winter for highways and bridges, and marine climate for off-
shore and coastal structures. One effective way to prevent or slow
down the penetration process of these aggressive ions is to apply a
coating on the rebar surface that would establish a physical barrier
between the steel and concrete.

Ceramic porcelain enamel coatings for steel possess chemical
and mechanical stability in various environments including acid,
alkaline, high temperature and harsh working conditions [3], and
so are widely used for a variety of consumer applications and for
the protection of steel in many industrial chemical applications.
The degradation mechanism of enamel coated steel has been
investigated by several researchers [4,5]. Recently, enamel coated
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reinforcing steel for pavement and stay-in-place forms have been
investigated by researchers with the Army Corps of Engineers
[6-8]. They modified standard enamel compositions by adding a
reactive phase, like Ca-silicate, that would bond to the surrounding
concrete matrix, and concluded that enamel coatings improve
the corrosion resistance and enhance the bond strength with
surrounding concrete. However, corrosion resistance of different
enamel coatings and their tolerance to existing damage have not
been studied and quantified systematically. In particular, the con-
cept of a two-layer coating, one to enhance bond strengths and the
other to improve corrosion resistance, has never been explored
prior to this study.

In this study, corrosion resistances of enamel coated steel rebar
were evaluated in 3.5 wt.% NaCl solution by electrochemical
impedance spectroscopy (EIS). The enamel coating systems tested
include a pure enamel, an enamel mixed with 50% calcium silicate
(by weight), and a double enamel with an inner layer of pure
enamel and an outer layer of the mixed enamel. Their corrosion
performance was compared with commonly used fusion bonded
epoxy (FBE) coating in reinforced concrete structures. The phase
composition and microstructure of enamel coatings were
characterized by X-ray diffraction (XRD) and scanning electron
microscopy (SEM) coupled with an energy-dispersive X-ray spec-
troscopy (EDS). Impact tests were performed on some samples to
investigate the effect of coating damage on its corrosion resistance.
The barrier ability of enamel coatings to aggressive ions was con-
firmed by mapping the chloride distribution in the coating of
tested rebar.
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2. Experimental details
2.1. Preparation of enamel coatings

Enamels are typically silicate-based materials that are depos-
ited from slurries and fused at high temperature. The enamel slurry
is made by milling glass frits, clay and certain electrolytes, then
mixing with water to provide a stable suspension. In this study, a
commercially-available alkali borosilicate glass frit from PEMCO
(Product No. PO2025) was used for the pure enamel (PE). Its chem-
ical composition is given in Table 1 [9]. This composition was se-
lected because it contains ZrO, which is known to improve the
durability of glasses exposed to alkaline environments, including
cement [10]. A slurry of the pure enamel was made by first adding
454 kg of enamel frit to 189.31 of water and mixing them for
20 min, and then adding clay (31.8 kg) and borax (2.3 kg) as sus-
pension agents, and mixing again for 3.5 h. The mixed enamel
(ME) coatings were prepared by adding 50% (by weight) calcium
silicate into pure enamel frits. Calcium silicate particles from the
Portland cement specified in ASTM C150-07 [11] were used. Dou-
ble enamel coating (DE) consists of two layers, the first (inner)
layer is a PE coating and the second (outer) is an ME coating.

Commercial steel rebar (12.7 mm diameter) was used in this
study. Its chemical composition was determined and is given in
Table 2. Before coating, all rebar was sand-blasted and cleaned
with commercially available cleansing solvent. For PE and ME coat-
ings, the cleaned rebar was dipped into their corresponding liquid
slurry, and heated for 2 min at 150 °C to drive off moisture then
fired at 810 °C for 10 min, and finally cooled to room temperature.
For the double enamel (DE) coating, the rebar was first dipped into
the PE slurry and heated for 2 min at 150 °C to drive off moisture,
then dipped into the ME slurry and heated to 150 °C again to drive
off moisture, then moved into furnace to fire 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. During
enameling, the deformed bar was hung vertically in the furnace;
thus, the coating thickness around rebar ribs may not be uniform
due to gravity effect.

2.2. Preparation of the samples

The coated steel bars were cut into 89.0 mm lengths with two
ends encased in PVC tubes containing epoxy resin. A copper wire
was connected electrically at one end of the rebar. The actual
length of steel rebar exposed to the corrosive environment was
approximately 50.8 mm in the middle portion, as shown in the
schematic view of samples in Fig. 1. In addition, commercial FBE
coated rebar samples with the same rebar size were also prepared
for comparison.

To study the effect of coating damage on the corrosion resis-
tance, some samples were pre-damaged using an impact test appa-
ratus designed according to the ASTM Standard G14 [12]. The

apparatus consists of a 0.91 kg steel rod with a hemispherical head,
a vertical section of hollow aluminum tubing to guide the rod, and
a horizontal section of steel angle to position the coated rebar sam-
ple. The coated rebar was secured to the steel angle with clamps,
and the weight rod was dropped from a height of 45.7 cm to dam-
age the coatings. Two damage extents were considered, samples
with 6 impact points and samples with 12 impact points. Examples
of the rebar samples ready for corrosion tests with no coating (UN),
with different coatings, and with impact points, are shown in Fig. 2.
A total of 39 rebar samples were prepared as detailed in Table 3,
taking into account the rebar coating (UN, FBE, PE, ME, and DE)
and damage extent (0 = no damage, 1 =6 impact points, or 2 =12
impact points). Each sample was designated by a string of letters
and numbers. The designation starts with two letters for the type
of coating and then two numbers for the number of impact points,
which were followed by a # sign and another number representing
the number of samples in the same group. The uncoated rebar
samples were undamaged and not cleaned prior to corrosion tests,
to simulate their as-received condition at a construction site, and
so a black oxide layer (mill scale) was initially present on their
surfaces.

2.3. Characterization and barrier ability of enamel coatings

The phase composition of three types of enamel coatings and
the oxide layer of uncoated rebar before and after corrosion tests
were examined directly on the rebar surface with X-ray diffraction
(XRD, Philip X’ Pert). The microstructure and the elemental analy-
sis of the coatings before corrosion test were investigated by scan-
ning electron microscopy (SEM, Hitachi S4700) coupled with an
energy-dispersive X-ray spectroscopy (EDS). At the completion of
corrosion tests, the ability of enamel coatings as a barrier to
aggressive ions was investigated with SEM by mapping the chlo-
ride profile in the enamel coating of rebar. For SEM measurements,
one 4.0 mm thick cross-section sample, mounted in epoxy, was cut
from each of the coated and uncoated rebar, and then abraded with
silicon carbide papers with grits of 80, 180, 320, 600, 800 and 1200.
After abrading, all samples were rinsed with deionized water and
dried prior to microscopy study.

2.4. Electrochemical studies

All samples were immersed in 3.5 wt.% salt solution consisting
of distilled water and purified sodium chloride. Samples were
tested at room temperature with a typical three-electrode setup,
including a 25.4 mm x 25.4 mm x 0.254 mm platinum sheet as a
counter electrode, saturated calomel electrode (SCE) as a reference
electrode, and one rebar sample as a working electrode. All three
electrodes were connected to a Gamry, Reference 600 potentio-
stat/galvanostat/ZRA for data acquisition. The electrochemical
impedance spectra were obtained with an applied sinusoidal

Table 1
Chemical composition of alkali borosilicate glass frit.
Element Si0, B,03 Na,O0 K,0 Ca0 CaF, Al,05 Zr0, MnO, NiO CoO
Wwt.% 44.0 19.3 15.8 2.8 0.1 4.7 4.6 53 1.5 1.0 0.9
Table 2
Chemical composition of steel rebar.
Element C Si Mn P S Cr Mo Ni Co Cu \% Sn Fe
Wt.% 0.383 0.184 1.000 0.115 0.064 0.103 0.069 0.198 0.013 0373 0.022 0.028 97.40
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Fig. 1. Geometry of rebar samples (unit: mm).

potential wave of 10 mV amplitude and frequency ranging from
100 kHz to 0.005 Hz at a sampling rate of 5 points per decade.

3. Results and discussion
3.1. Microstructures and elemental analysis

Fig. 3 shows cross-sectional SEM images and representative EDS
analyses of uncoated and enamel coated rebar samples. These
cross-sections were taken between two ribs, where the coating is
relatively uniform and thicker than that over the ribs. EDS analyses
were performed on the coating sample taken within the small
square in the respective SEM images. The uncoated rebar, Fig. 3a-
1, has a thin (about 25 pm thick) oxide layer (mill scale) on the re-
bar surface, which mainly consists of iron (Fe) and oxygen (O) as
shown in Fig. 3a-2. This was likely formed during the hot rolling
process of steel production. The pure enamel (PE) coating is

approximately 150 pm thick, and has air voids with the maximum
diameter of approximately 50 pm, Fig. 3b-1. The air voids result
from bubbles that typically form in the molten glass during the
high temperature enamel firing process. EDS analysis as shown
in Fig. 3b-2 indicates that the principal components in the PE coat-
ing include sodium (Na), calcium (Ca), silicon (Si) and aluminum
(Al); boron, a major component of the glass frit, could not be de-
tected by the EDS system used. The ME coating is approximately
250 pm thick and it possesses a more complex structure with
irregular pore characteristics and relatively high porosity as illus-
trated in Fig. 3c-1. This porous structure was further verified by
the penetration of mounting epoxy during preparation of the
SEM sample as shown in Fig. 3c-2. EDS analysis revealed that the
ME coating includes a higher content of Ca than the PE coating,
Fig. 3¢-3, which is consistent with the addition of calcium silicate.
The EDS spectrum from the ME coating also exhibited a significant
peak of iron (Fe) that presumably originates from the rebar sub-
strate during the chemical reaction at firing temperature. Fig. 3d-
1 shows an SEM image of the DE coating. It clearly indicates the
presence of two distinct layers, approximately 160 and 240 pm
thick for the inner and outer layers, respectively. The inner pure
enamel layer exhibits the same microstructure of trapped air voids
as found in the PE sample in Fig. 3b-1. Its EDS spectrum, Fig. 3d-2,
is consistent with the components of enamel glass with a small
peak of iron (Fe) from the rebar substrate. The outer 50/50 enamel
layer has a slightly different microstructure from the ME sample in
that less mounting epoxy was found to have penetrated through
the outer layer. This is likely because, during the second firing pro-
cess, some of the inner melted pure enamel flowed towards the
outer 50/50 enamel, and partially filled and isolated what would
otherwise be connected pores in the outer layer as observed in
the ME coating, Fig. 3c-1. Even though the pores in outer layer of
the DE sample become disconnected, the EDS spectrum of the out-
er layer is similar to the ME sample, Fig. 3d-3, except that no iron
(Fe) was detected since the outer layer was separated from the
steel substrate by the inner layer.

.'(b' D Impact (b-2)

3 ~ Poipt

Fig. 2. Steel rebar samples tested in this study: (a) uncoated rebar, (b-1, b-2) FBE coated rebar without and with impact points, (c-1, c-2) pure enamel coated rebar without
and with impact points, (d-1, d-2) mixed enamel coated rebar without and with impact points, and (e-1, e-2) double enamel coated rebar without and with impact points.
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Table 3
Test matrix: 39 samples total.
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Surface condition

Numbers of impact point

0

6

12

FBE coating
Pure enamel
Mixed enamel
Double enamel
Uncoated

EPOO#1 EPOO#2 EPO0O#3
PEOO#1 PEOO#2 PEOO#3
MEO0O#1 ME0O#2 ME0O#3
DEOO#1 DE0O#2 DEOO#3
UNOO#1 UNOO#2 UNOO#3

EPO1#1 EPO1#2 EPO1#3
PEO1#1 PEO1#2 PEO1#3
MEO1#1 MEO1#2 MEO1#3
DEO1#1 DEO1#2 DEO1#3

EPO2#1 EPO2#2 EP02#3
PEO2#1 PEO2#2 PE02#3
MEO02#1 ME02#2 ME02#3
DEO2#1 DE02#2 DE02#3

Note: Sample MEOO#3 was damaged before testing and thus no data is reported in this paper.
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Fig. 3. Cross-sectional SEM images and EDS analysis before corrosion tests: (a-1, a-2) uncoated rebar, (b-1, b-2) pure enamel coated rebar, (c-1, c-2, c-3) mixed enamel coated
rebar, and (d-1, d-2, d-3) double enamel coated rebar.

3.2. Coating analysis

Fig. 4 shows the X-ray diffraction analyses on the surface of the
uncoated and three enamel coated rebar samples prior to and after

corrosion tests immersed in 3.5 wt.% NaCl solution. Magnetite
(Fe304) and Maghemite (Fe,Os3) are the two main oxides on the un-
coated steel rebar surface prior to the corrosion test, consistent
with reports on the nature of the mill scale on rebar [13,14]. After
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the corrosion test, one rust layer was formed and mainly consisted
of lepidocrocite (y-FeOOH) and akaganeite (B-FeOOH) as shown in
Fig. 4a-2 [15-17]. As shown in Fig. 4b-1, some crystalline quartz
(Si0), could be detected in an otherwise amorphous PE coating.
A similar distribution of phases was found on the PE coating after
the immersion test, Fig. 4b-2. The presence of some sodium chlo-
ride (NaCl) on this latter sample is attributed to the salt solution
in which the sample was immersed. Crystalline Ca-silicate phases
were detected in both the ME and DE coatings. These phases are
present in the Portland cement added to the pure enamel slurry
used to produce the ME coating prior to corrosion tests, as shown
in Fig. 4c-1 and d-1. After corrosion tests, no change in main com-
ponents was observed for the DE coating. However, some lepido-
crocite (y-FeOOH) was observed in the ME coating, which is
attributed to the corrosion that occurred in the immersion test.

3.3. Electrochemical study

3.3.1. FBE coated steel bar

Fig. 5 presents the electrochemical impedance spectra of the
FBE coated rebar samples immersed in 3.5 wt.% NaCl solution. Spe-
cifically, the modulus and the phase angle of the complex imped-
ance, Z, for intact and damaged samples are plotted as a function
of frequency in Fig. 5a and b, respectively. It can be seen from
Fig. 5 that the intact FBE coating displayed capacitive behavior
since the modulus-frequency curve is a 45° straight line and the
phase angle fluctuates around —90°. Therefore, the intact FBE coat-
ing is an effective corrosion barrier for steel rebar. However,
damaged FBE coating behaved quite differently. The impedance
magnitude was significantly reduced from 10° to 0.1 MQ cm? at
0.005 Hz, and the phase-frequency plot can be characterized with
two time constants. The first time constant at low frequencies
was attributed to the resistance and capacitance of the steel-elec-
trolyte interface, the second time constant at high frequencies was
due to the resistance and capacitance of the FBE coating. The
significant change in the impedance spectra was caused by

—~ 200 - -
;./ 150 -_(a.l) c.:).Before immersion o Feg0y4
%, 100 [ o Fe203
c F A Fe
g 1 w X
C -
- 0 1 s Y |
0 10 20 30 40 50 60 70 80 90
= L Before immersion .
g 1200 C (b-1) O sio,
800
£ I O 0o ©
S 400k SRVRT ETVRY PR N
8 i Wby
E O 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90
S 1200 |
S L
> 800
= [
§ 400
2 L
= 0
0
= 1000
=] N - - "
s 8ol (d-1) o Before immersion E CaSl.O3
> 600[ - o Ca,SiO,|
(%2} r .
S 400 | = e < CaSio,
€ 200
ol— v vy e
0 10 20 30 40 50 60 70 80 90

Position (20)

161

impact-induced damage that provided a pathway for chloride ions
to penetrate through and resulted in corrosion of the coated rebar
in the NaCl solution. No significant difference in corrosion perfor-
mance was observed between the FBE coated rebar with 6 impact
points and with 12 impact points. These findings are in reasonable
agreement with previous studies on intact and defective paint sys-
tems [18,19].

The electrical equivalent circuit (EEC) as shown in Fig. 6a was
used to model the corrosion system with intact FBE coated rebar.
Here, R, represents the solution resistance between the reference
electrode and the samples, Cy4 and R, represent the double layer
capacitance and the charge transfer resistance at the interface be-
tween the epoxy coating and the substrate steel. For damaged FBE
coating, a different EEC model as shown in Fig. 6b was used to fit
the EIS test results. This EEC model is widely used for the evalua-
tion of coating performance and electrochemical behavior of rein-
forcing steel in concrete [20-23]. The EEC model consists of the
solution resistance (R;), the resistance and capacitance (R. and
CPE,) of FBE coating, and the charge transfer resistance and double
layer capacitance (R, and CPEq)) of the interface between electro-
lyte solution and substrate steel. Replacement of the capacitance
C for the intact FBE coated rebar in Fig. 6a with the constant phase
element (CPE) in Fig. 6b was attributed to the non-homogeneity in-
duced by the coating damage [24-27]. CPE is defined by two
parameters Y and n. When n =1, CPE resembles a capacitor with
capacitance Y. When n =0, CPE represents a resistor with resis-
tance Y~!. The effective capacitance was calculated according to
the following equation [28]:

1 1-n
C=YiRn 1)

where R is referred to R. and R, when the coating capacitance C.
and the double layer capacitance Cy are calculated, respectively.
Correspondingly, CPE, is represented by Y. and n., and CPEq by Y4
and ng. ZSimpWin software was used to fit the EEC model into
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Fig. 4. XRD patterns on the surface of steel rebar before and after immersion tests in 3.5 wt.% NaCl solution: (a-1, a-2) uncoated rebar, (b-1, b-2) pure enamel coated rebar, (c-

1, c-2) mixed enamel coated rebar, and (d-1, d-2) double enamel coated rebar.
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Fig. 5. EIS test results of FBE coated steel rebar in Bode format: (a) modulus, and (b) phase angle.
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Fig. 6. EEC model for FBE coated rebar: (a) without impact points, and (b) with
impact points.

the EIS test data. The Chi-squared value in the order of 103 con-
firmed a satisfactory fitting process.

Fig. 7a, b presents the effect of coating damage on the charge
transfer resistance and the double layer capacitance of FBE coating,
respectively. Each point represents the average of three samples
with an error bar representing one standard deviation. It can be
seen from Fig. 7 that all parameters vary little except for the expo-
nent ng of damaged coating with 6 impact points. They indicated a
high degree of consistency of FBE coating. For the FBE coating with-
out impact points, a low double layer capacitance of 10~ nF/cm?
and a high charge transfer resistance of 10° MQ cm? indicated a
high degree of corrosion protection. For the FBE coating with
impact points, the double layer capacitance increased to 10 pF/
cm? and the charge transfer resistance decreased to 0.1 MQ cm?,
corresponding to a significantly reduced degree of corrosion pro-
tection. The significant change in corrosion performance is attrib-
uted to the increased conductivity and capacitance as a result of
chloride ions penetration through the impact-induced damage
area. The numbers of impact points seemed to have little influence
on the coating capacitance and charge transfer resistance. Fig. 7c
shows a reduction of the exponent ng of CPEq4 from 1.0 for the in-
tact coating to 0.7 for damaged coating, indicating a significant
drift of the electrochemical behavior away from a capacitor. This

is because the impact-induced damage increased the non-homoge-
neity of FBE coating. Therefore, FBE coating is very sensitive to the
onset of any damage.

3.3.2. Enamel coated steel bar

The electrochemical impedance spectra of uncoated and three
types of enamel coated samples are presented in Fig. 8 in the for-
mat of Bode plots. It can be observed that all the plots featured
two capacitive loops, similar to those for damaged FBE coating as
shown in Fig. 5. Therefore, the EEC model in Fig. 6b was used to
fit the EIS test results of uncoated and enamel coated rebar sam-
ples with or without impact points. In this model, R. and CPE,
respectively denote the resistance and capacitance of mill scale
or enamel coatings. The Chi-squared value in the fitting process
to EEC model was in the range between 10~ and 1073,

The similarity between Fig. 8 and Fig. 5 for damaged FBE coating
is attributed to the fact that enamel coatings have porous micro-
structures as illustrated in Fig. 3, non-uniform coating thickness
due to the influence of rebar ribs, and potential coating defects in-
duced during handling [29]. In particular, the impedance of the ME
coating is nearly independent of the number of impact points as
shown in Fig. 8c. For the PE and DE coatings, a greater number of
impact points leads to smaller impedances, as shown in Fig. 8b, d.

Fig. 9 compares the properties of the uncoated and enamel
coated rebar samples without impact points in terms of coating
resistance R, coating capacitance C, and CPE. exponent n. In
general, coating resistance and coating capacitance represent a
degree of ability of coating to resist the penetration of electrolyte
solution and the diffusion process of electrolyte solution into the
coating, respectively [29,30]. Among the three enamel coatings as
shown in Fig. 9, the PE coating had the lowest capacitance
(0.2 pF/cm?) and the highest resistance (1.3 kQ cm?). These values

13 -4
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Fig. 7. Fitted parameters of FBE coated rebar: (a) charge transfer resistance R, (b) double layer capacitance Cy, and (c) CPEq exponent ng,.



F. Tang et al./Corrosion Science 59 (2012) 157-168 163

(a-1) —=— UNOO#1 (a-2) — = UNOO#I
* UNOO#2 60 |
—a— UNO0#3
3F 50
o B 40
5 2
G S 3b
N g
w 2f £ 20t
—
w 101
ok
1 " L . " L " L .
-3 -1 1 3 5 -3
Log f (Hz)
5
- —a— PE00#1
(b'l) . Eggﬁi (b'2) 60 888 —e— PE00#2
Without impact points PEO0/3 W28 —a— PE00#3
v PEOI#1 S0 v PEOI#1
4F —<—PEOI#2 ~< PEOI#2
) R —~ 40 —»—PE01#3
£ PEO1#3 3 —e— PEO2#1
=] PE02#1 0 30+ o PE02#2
= *— PEO2#2 - e PEO2#3
N o PE0243 .
50 2
3 ;‘:1: 20 -
‘With impact points 10+
2F ol
-3 -1 1 3 5 -3 -1 1 3 5
Log f (Hz) Log f (Hz)
60 MEO00#1
(c-1),| (c-2) | -
50
< 3k = 40
g g
e &h
e g -op
s 5
g s 20+
S 2 £
10k
1 al i ! al i al i al 0r
3 -1 1 3 5 il .41 il i ol é al ..5
Log f (Hz) -3 - Logt ()
(d-1)° — d-2)
Without impact points DE00#2 ( = ) )
—a— DE00#3
ak v— DEO1#1 501
—<— DEO1#2
—~ » DEO1#3 -
“g —e— DE02#1 g 401
é 3k —e— DE0O2#2 &
= & —e— DE02#3 = 30}k
S ya -
By g
~ £ 20}
2+ With impact points =
..... ok
S e - BN
) i -3 -1 1 3 5
Log f (Hz) Log f (Hz)

Fig. 8. EIS test results in Bode format for: (a-1, a-2) uncoated rebar, (b-1, b-2) pure enamel coated rebar, (c-1, c-2) mixed enamel coated rebar, and (d-1, d-2) double enamel
coated rebar.

indicate the best protection of PE coating against chloride ion pen- etration. This is attributed to its more porous microstructure, with
etration, which is likely attributed to its less porous microstructure interconnected pores, as shown in Fig. 3d-1. The properties of the
with isolated pores, as shown in Fig. 3b-1. On the other hand, the DE coating lie in between those of the PE and ME coatings. Com-
ME coating had the highest capacitance and relatively low resis- pared to the uncoated rebar samples, however, all three enamel
tance, indicating the least degree of prevention to chloride ion pen- coatings had more favorable corrosion-protection properties than
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Fig. 9. Property of intact enamel coatings and mill scale: (a) coating resistance R, (b) coating capacitance C,, and (c) CPE. exponent n,.
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Fig. 11. Corrosion behavior of three enamel coated samples versus uncoated samples: (a) charge transfer resistance R, (b) double layer capacitance Cy, and (c) CPEq,

exponent ng;.

the mill scale on the surface of uncoated rebar. The exponent n.
varied from 0.4 to 0.5 for all the uncoated and enamel coated sam-
ples, indicating significant non-homogeneities that came from the
non-uniform structure of mill scale and the non-uniform coating
thickness and defect during handling for the uncoated and enamel
coated rebar, respectively.

Fig. 10 shows the sensitivity of three types of enamel coatings
to impact points in terms of coating resistance R, coating capaci-
tance C,, and CPE. exponent n.. For all three enamel coatings, more
impact points resulted in increasing capacitance and decreasing
resistance to various extents. The PE and DE coatings were more
sensitive to the number of impact points than the ME coating since
the intact ME coating already revealed numerous interconnected
pores and adding several impact points did not significantly in-
crease the number of chloride ion penetration pathways. On the
contrary, the intact PE and DE coatings had better barrier proper-
ties with isolated pores. Adding the damage points provided new

pathways for chloride ions to penetrate through the coatings. As
shown in Fig. 10c, the number of damage points did not affect sig-
nificantly the electrochemical non-uniformity of all three enamel
coatings.

Fig. 11 compares the corrosion resistance of uncoated rebar and
enamel coated rebar samples without impact points in terms of
charge transfer resistance, R, and double layer capacitance, Cy,
and CPEy, exponent ng. The charge transfer resistance is inversely
proportional to corrosion rate and is a measure of resistance to
the transfer of electrons across the metal surface [31,32]. The dou-
ble layer capacitance, calculated from Eq. (1), is a measure of ease
of charge transfer. As shown in Fig. 11, in comparison with the ME
coating, the DE and PE coatings had a relatively higher charge
transfer resistance and lower double layer capacitance, which is
indicative of a smaller exposed area of steel to the electrolyte solu-
tion. The uncoated rebar samples had the lowest charge transfer
resistance and the highest double layer capacitance compared with
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Fig. 12. Sensitivity of corrosion behavior of enamel coated samples to impact points: (a) charge transfer resistance R, (b) double layer capacitance Cy, and (c) CPEq exponent
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Fig. 13. Elemental distribution maps of electrochemical tested samples: (a) uncoated rebar, (b) pure enamel coated rebar, (c) mixed enamel coated rebar, and (d) double

enamel coated rebar.

the three types of enamel coated samples. The CPEy exponents
ranged from 0.65 to 0.85, indicating great non-homogeneities of
both the uncoated and enamel coated samples.

Like Fig. 10 for coating property sensitivity to damage, Fig. 12
shows the corrosion sensitivity to impact points. Impact points in-
creased the double layer capacitance and decreased the charge
transfer resistance for all three types of enamel coatings. No signif-

icant difference was observed between the effect of 6 impact
points and 12 impact points. As shown in Fig. 12c, there seems
no obvious influence of impact-induced damage on the non-homo-
geneity of enamel coatings.

Compared with the FBE coating as shown in Fig. 7, all three en-
amel coatings, shown in Fig. 12, are significantly less sensitive to
minor damage (0-6 points) but equally or more sensitive to further
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damage (6-12 points). This can be explained as follows. Intact en-
amel coating had some regions of exposed steel that developed
during handling; thus, additional minor damage of the coating
did not significantly affect corrosion performance of the intact
coating; and further coating damage contributed relatively less
corrosion degradation. On the other hand, intact FBE coating was
an effective corrosion barrier; thus minor damage of the FBE coat-
ing added new pathways for chloride ions penetration and signifi-
cantly degraded corrosion performance, compared to the intact
coating. Once initiated under minor damage, corrosion was
extended rapidly underneath the FBE coating, which is typically
referred to as under-film corrosion and will be further discussed
in Section 3.5. In fact, the charge transfer resistance of the enamel
coatings with impact points in Fig. 12a is in the same order of mag-
nitudes as that for the damaged FBE coating, Fig. 7a.

3.4. Chloride diffusion through enamel coatings

Fig. 13 shows the cross-sectional elemental analysis of uncoated
and enamel coated rebar samples after corrosion tests. For enamel
coated rebar, the cross-sections were taken from the undamaged
coating areas. For each sample, a SEM image and the corresponding
distribution mappings for Fe, Cl, and Si were presented. Fe map-
ping was used for corrosion detection, Cl mapping was used for
the detection of chloride ions, and Si mapping was used for the
identification of the enamel coating location and thickness.

It can be observed from Fig. 13a, c that chloride ions were
clearly detected in the rust layer of the uncoated rebar (as-received
condition) and in the ME coating, revealing the diffusion of chlo-
ride ions through the mill scale and the ME coating. This is further
verified by the corrosion product (rust) on the surface of the un-
coated rebar and near the interface of the ME coating and its sub-
strate steel. Corrosion products were concentrated near the
interface mainly because the sample was immersed in salt solution
for a short duration and corrosion products diffused through a part
of the coating layer only. As shown in Fig. 13b, d, no chloride ions
were detected inside the PE and DE coatings even though isolated
pores were present as discussed previously. The Fe mappings also
verified that little or no corrosion product was detected at the
interface between the PE/DE coating and its substrate steel. There-
fore, the PE and DE coatings are effective physical barriers that suc-
cessfully prevented chloride ions from penetration.

.o
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Fig. 15. Supporting evidences of corrosion mechanisms: (a) damaged FBE coating,
and (b) damaged enamel coating.

3.5. Mechanism of the corrosion resistance of FBE coating and three
enamel coatings

Based on the SEM images, electrochemical impedance spectra,
and chloride distribution mappings, the corrosion mechanisms of
the enamel coated steel in 3.5 wt.% NacCl solution can be summa-
rized and illustrated as shown in Fig. 14b-d. They are compared
with the corrosion mechanism of FBE coated rebar as illustrated
in Fig. 14a. When it remains intact, the FBE coating is an effective
physical barrier to protect the coated steel bar from corrosion.
Once damaged, the FBE coating can no longer prevent the electro-
chemical reaction between the electrolyte and the steel, and its
ability for corrosion protection is reduced dramatically. As illus-
trated in Fig. 14a, the damaged coating area provides a pathway
for aggressive ions to penetrate through the coating layer and cor-
rosion takes place on the surface of the exposed steel. Furthermore,
once initiated, corrosion can extend beneath the coating, the so-
called under-film corrosion as clearly illustrated in Fig. 15a. In re-
cent years, such a corrosion mechanism for epoxy coated rebar was
supported by several field studies in North America [33-35] where
transportation and handling damage to FBE coatings is a culprit.

Similar to FBE coating, the intact PE and DE coatings as shown in
Fig. 14b, d can also protect the coated steel rebar from corrosion,
although the enamel coating with isolated air voids is not uniform,
particularly around the rebar ribs. This non-uniformity makes the
rib regions susceptible to corrosion attack. Due to its brittleness,
enamel coatings are susceptible to impact damage. As a result,
the enamel coated rebar often experiences corrosion pits at iso-
lated damage locations as illustrated in Fig. 14b, d. Unlike the

PE coating

Damage channels

Corrosion products

Steel Steel

DE coating

Damage channels

Corrosion products

(d)

Fig. 14. Schemes of corrosion process of FBE and enamel coatings: (a) FBE coating (intact & damaged), (b) pure enamel coating (intact & damaged), (c) mixed enamel coating

(intact & damaged), and (d) double enamel coating (intact & damaged).
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FBE coating, enamel coating is chemically bonded to its steel sub-
strate [36], limiting the pitted corrosion in the vicinity of the dam-
aged coating area, avoiding the under-film corrosion in the enamel
coated rebar as detailed in Fig. 15b.

As shown in Fig. 14c, the corrosion mechanism of the ME coating
differs from those of the PE and DE coatings. Even for an undamaged
coated rebar, the ME coating has interconnected pores due to the
addition of Ca-silicate particles, potentially providing multiple
pathways for aggressive ions to penetrate and resulting in wide-
spread corrosion along the length of coated rebar. Therefore, corro-
sion in the ME coating takes place early on and is insensitive to
additional damage that may be caused during transportation and
handling.

4. Conclusions

In this study, the corrosion resistances of pure, mixed, and dou-
ble enamel coatings applied on reinforcing steel bars were evalu-
ated by means of electrochemical impedance spectroscopy. Their
performance was compared with commercially available FBE coat-
ing. Corrosion sensitivity to coating damage was investigated with
controlled levels of damage induced by a standard impact tester.
Based on the test results, the following conclusions can be drawn
about the corrosion performance of these coated samples:

(1) The intact double and pure enamel coatings provided a
much higher degree of corrosion protection than the mixed
enamel coating with 50% calcium silicate by weight mainly
due to the absence of interconnected pores in the double
and pure enamel coatings. All enamel coatings were signifi-
cantly outperformed by the intact FBE coating.

(2) The corrosion performances of the double and pure enamel
coatings were more sensitive to damage than the mixed
enamel coatings because damage provides corrosion path-
ways that did not exist in the undamaged DE and PE sam-
ples. The corrosion resistance of FBE coating was most
sensitive to damage and, once damaged, was in the same
order of that for the damaged enamel coatings.

(3) Pitted corrosion of both double and pure enamel coatings
was initiated at the location of damaged coating areas but
restrained locally due to well-adhered glassy layers on the
surface of coated rebar. Interconnected regions of calcium
silicate particles in the mixed enamel coating appeared to
provide a corrosion pathway to the underlying steel rebar
so that both uniform and pitted corrosions occurred on the
surface of damaged coated rebar. Although superior when
undamaged, the corrosion performance of the FBE coating
significantly degraded with local damage of the sort that
can occur during transportation and handling due to the
well-known under-film corrosion mechanism.

(4) The non-uniformity of coating thickness due to rebar defor-
mation must be overcome with an alternative enameling
process to improve the corrosion performance of enamel
coatings for practical applications.
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