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Abstract

The effect of inhibitors on the corrosion of steel reinforcements in concrete was evaluated by using anodic polarization, electron
spectroscopy for chemical analysis (ESCA) and Auger electron spectroscopy (AES). The reinforcement corrosion in uncontami-
nated concrete specimens was evaluated by impressing +4 V anodic potential for accelerated corrosion of the steel bar and mea-
suring the time-to-cracking of the concrete specimens. The effectiveness of the inhibitors in retarding reinforcement corrosion in the
contaminated concrete specimens was evaluated by measuring the corrosion potentials and corrosion—current density. Results in-
dicated that the time-to-cracking in uncontaminated concrete specimens incorporating inhibitors M2 and R2 was higher than that in
the control concrete specimens. While the increase in the time-to-cracking in the concrete specimens incorporating M2 was marginal,
a significant improvement in the corrosion-resisting characteristics of concrete incorporating R2 was indicated over the control
specimens. The data on time-to-cracking in the uncontaminated concrete specimens and the corrosion rate of steel in the con-
taminated concrete specimens indicated the usefulness of corrosion inhibitor R2 in retarding reinforcement corrosion. The elect-
rochemical test results and surface analysis results using ESCA and AES techniques showed the better performance of inhibitor R2
compared to inhibitor M2 in retarding corrosion of steel in an environment of saturated calcium hydroxide in the presence of
chloride ions. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Corrosion of reinforcing steel is the major cause of
deterioration of concrete structures in the coastal areas
of the Arabian Gulf. The useful service-life of the
structures is drastically reduced [1-3] because of this
phenomenon. Corrosion of reinforcing steel is mainly
attributed to the presence of chloride ions near the
concrete-steel interface. The chlorides are generally
contributed by the mix constituents — aggregates, ad-
mixtures, and mix water. Alternatively, they penetrate
the hardened concrete from the service environment —
atmosphere, soil, and groundwater.

The soil, groundwater and air in the coastal areas of
the Arabian Gulf are contaminated with chloride and
sulfate salts [4]. These salts diffuse through the concrete
to initiate the deterioration processes. In such a situa-
tion, improving the quality of the concrete can extend
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the service-life of structures. While the production of a
dense and impermeable concrete is a first step towards
increasing the useful life of structures, other supple-
mentary measures like the use of inhibitors and coated
steel bars in concrete constitute an additional precau-
tionary measure to further enhance the durability of
structures.

One of the common corrosion prevention practices is
to incorporate inhibitors in potentially corrosive envi-
ronments. Corrosion inhibitors are frequently used in
the process industries to inhibit corrosion of the plant
components. This technique has also found application
in the field of corrosion control of reinforcing steel
embedded in concrete likely to be chloride contaminated
or exposed to chloride ingress.

The use of inhibitors in concrete was reviewed by
Griffin [5], Craig and Wood [6], Treadaway [7], Slater [8]
and by Berke [9,10]. In pre-1980 investigations, consid-
erable amount of research was carried out with chro-
mates, phosphates, hypophosphates, alkalis, and
fluorides. Craig and Wood [6] studied sodium nitrite,
potassium chromate, and sodium benzoate using the
polarization technique and found that sodium nitrite
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was the most effective corrosion inhibitor, but it had
harmful effects on concrete strength. Similar results were
also reported by Treadaway [7] and Treadaway and
Russel [11], who found that sodium nitrite inhibited
corrosion of steel bars in the presence of chlorides,
whereas sodium benzoate did not. Rosenberg et al. [12]
studied the effect of calcium nitrite as an inhibitor in
reinforced concrete. They used polarization techniques
for evaluation of the inhibitors and reported that the
relative corrosion rates for samples soaked in saturated
sodium chloride solution for 90 d with 2% and 4% ad-
mixed calcium nitrite were about a factor of 15 times
lower than those without the calcium nitrite admixture.
Although stannous chloride also was reported as cor-
rosion inhibitor for reinforcing steel in concrete by Ar-
ber and Vivian [13], recent tests by Hope and Ip [14]
showed, however, that stannous chloride was not a
corrosion inhibitor.

Up to the mid-1970s, the use of inhibitors, due to
the above shortcomings, were not appreciated in large
scale in concrete. Advances in production of calcium
nitrite as a stable solution of up to 40% dissolved
solids encouraged its use as a corrosion inhibitor in
concrete. Unlike sodium nitrite, in which the sodium
cations are detrimental to strength and alkali-aggre-
gate reactions, calcium nitrite was found to be non-
detrimental to mechanical properties. Furthermore,
later studies showed that calcium nitrite is also com-
patible with silica fume [15].

In the 1980s, numerous corrosion studies docu-
mented the corrosion inhibiting properties of calcium
nitrite. The first large-scale results were released in
1983 by the Federal Highway Administration (FHWA)
[16]. Even though FHWA used a w/c ratio that was
high (>0.5), and added chlorides to the mix water, the
conclusion stated that “calcium nitrite can provide
more than an order of magnitude reduction in the
corrosion rate.” The South Dakota Department of
Transportation conducted a study in which reinforcing
bars were embedded in concrete cylinders with and
without admixed chlorides. Cylinders with admixed
chlorides went into corrosion immediately (1 d) unless
calcium nitrite was present. Samples with calcium ni-
trite remained passive for 700 d. Calcium nitrite also
improved the corrosion resistance of samples without
admixed chlorides. Chloride analyses at the reinforcing
bar showed that calcium nitrite prevented corrosion at
chloridenitrite ratios of 1.6-2.2 (chloride contents ex-
ceeded 10.7 kg/m?) [16]. Solution experiments by Hope
and Ip [14] showed that the ratios of chloride to nitrite
can be higher than 11:1.

Berke [17] reported that, after four years of acceler-
ated corrosion with chloride levels at the steel exceeding
7 kg/m? (12 Ib/yd?), the only uncorroded specimens
were those which contained calcium nitrite.

Japanese research [18] also supported effectiveness of
calcium nitrite as a corrosion inhibitor in concrete. In
accelerated tests with wetting and drying cycles at §0°C,
calcium nitrite was found to be an effective inhibitor for
long-term exposures even in marine environment.

Berke and Sundberg [15] showed that the use of cal-
cium nitrite and microsilica should significantly improve
the durability of reinforced concrete in marine envi-
ronment. Studies also showed that calcium nitrite, an
anodic inhibitor, modifies the oxide film on the steel bar
to be more protective than the film that naturally forms
in concrete. The inhibitive action of calcium nitrite de-
pends on its reaction with Fe’" ions according to the
following reaction:

2Fe’™ +20H™ +2NO, — 2NO 1 + Fe,0; + H,0

Calcium nitrite competes with the chloride ions for fer-
rous ions produced in concrete and incorporates them
into a passive layer on the iron surface, thus preventing
further corrosion. Long-term corrosion studies showed
that in spite of the decrease in concrete resistivity, cor-
rosion rates were significantly reduced. Likewise, in-
creases in AASHTO T277 chloride permeability values
with calcium nitrite were clearly shown to have no
negative effects on actual chloride ingress into the con-
cretes [9].

Collins et al. [19] evaluated several inhibitors in-
cluding (1) a calcium-nitrite-based inhibitor, (2) a
monofluorophosphate-based inhibitor, (3) sodium tet-
raborate (Na,B,0; - 10H,0), (4) zinc borate (2ZnO -
3B,0; - 3.5H,0), (5) a proprietary oxygenated hydro-
carbon produced from an aliphatic hydrocarbon, (6) a
proprietary blend of surfactants and amine salts (MCI
2020 which migrate through concrete), and (7) a pro-
prietary alkanolamine inhibitor (MCI 2000). The results
of the study, which involved monitoring of corrosion,
compressive strength and resistivity, showed that the
calcium-nitrite-based inhibitor was the most promising
to mitigate corrosion in a repaired structure after re-
moval of chloride-contaminated old concrete. On the
other hand, both borate compounds were found to re-
tard the setting of Portland cement.

Prowell et al. [20] further evaluated some of the in-
hibitors studied by Collins et al. [19] and conducted
ponding experiments where they monitored corrosion
by measuring half-cell potential, linear polarization re-
sistance, and chloride ion concentration for a period of
325 d. They reported that two proprietary inhibitors
Alox 902 and Cortec VCI-337 (MCI 2020) were the best
performers.

In the present study proprietary organic- and inor-
ganic-based inhibitors were evaluated under accelerated
and free corrosion conditions in laboratory by using
electrochemical and surface analytical techniques.
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2. Experimental program
2.1. Materials

ASTM C 150 [21] Type-V cement, manufactured by
Saudi Kuwaiti Cement Manufacturing Co., was used in
all reinforced concrete specimens. Table 1 shows the
chemical analysis of the cement.

The coarse aggregate was 19 mm maximum size
crushed limestone, with a bulk specific gravity of
2.5 g/cm? and an average absorption of 2.45%. As fine
aggregate, dune sand of specific gravity 2.6 g/cm?® and
an average absorption of 0.57% was used. All aggregates
were washed and dried when procured from the local
supplier and were free from fine dust, chloride and sul-
fate contamination.

The reinforcing steel was procured from a local sup-
plier. Typical composition of the carbon steel used in
this study is as follows in percentages: C=0.38;
Si=0.20; Mn=1.53; P=0.020; S=0.016; Cu=0.053;
Cr=0.021; Mo=0.009; Ni=0.011; Sn=0.004; V=
0.004; Nb =0.005; Fe =balance.

Two proprietary inhibitors, M2 and R2, were tested
in this study. They were mixed in concrete according to
the manufacturers’ instructions.

M2 is a proprietary alkanolamine inhibitor that is
designed to migrate through concrete to form a pro-
tective monolayer on the steel surface. It is used as an
admixture in the concrete.

R2 is a water-based inorganic material to inhibit
corrosion of steel in concrete. It is added to the batch
water.

2.2. Specimen preparation

2.2.1. Reinforced concrete specimens for corrosion
Reinforced concrete specimens of 100 x 65 x 300 mm
with a centrally placed 12 mm diameter reinforcing steel
bar and 25 mm cover at the bottom were cast. The steel
bar, after washing with acetone and distilled water, was

Table 1

Chemical analysis of the cement
Constituent Wt%
Silicon dioxide 21.29
Aluminum oxide 3.29
Ferric oxide 5.00
Calcium oxide 64.95
Magnesium oxide 0.95
Sulfur trioxide 2.04
Alkalis 0.60
Loss on ignition 0.86
CsS 63.30
C,S 13.28
C;A 1.93
C,AF 15.22

insulated at the lower end and at the upper junction with
concrete to prevent crevice corrosion. It was, then,
centrally placed in the mold before casting the concrete.
Group-1 (G-1) specimens were cast without salt con-
tamination with inhibitors M2 and R2. G-2 specimens
were contaminated with 1.5% NaCl in the concrete mix.
The inhibitors R2 and M2 were mixed with mixing
water at a dosage of 5 1/m* and 1.2 kg/m? of concrete,
respectively, as recommended in the manufacturers’
catalogs.

Three specimens were cast using each inhibitor. After
casting, the specimens were cured under wet burlap for 7
d and then allowed to air-cure under controlled labo-
ratory temperature (22 &+ 5°C) for 21 d. Following cur-
ing, the specimens were placed in 5% NaCl solution for
corrosion.

2.2.2. Polished steel specimens

Disk-shaped steel specimens measuring 10 mm dia. x
2 mm were prepared from 12 mm diameter reinforcing
steel bars. The specimens were polished to 5 pm finish by
using SiC papers and alumina paste. The polished
specimens were exposed to saturated Ca(OH), solution
containing salt and inhibitors, and analyzed by electro-
chemical and surface analytical techniques. Before ex-
posure, the specimens were washed with acetone and
distilled water.

2.3. Testing of specimens

2.3.1. Accelerated corrosion specimens

Corrosion of G-1 specimens, which were placed in 5%
NaCl solution following 28 d of curing, was accelerated
by impressing a +4 V fixed anodic potential for two
months or until cracking of the specimens. A DC power
source (HP6024A Autoranging PC Power Supply) was
used for this purpose. The anodic current was moni-
tored every 2 h throughout the test duration by a
computerized data acquisition system connected to the
specimens through a resistor. The data were analyzed
using a spreadsheet program and the current-time plots
were generated. Time to initiation of corrosion was de-
termined from the current-time records. The time to
cracking was also monitored by constant visual exam-
ination of the specimens at least four times a day.

DC linear polarization resistance (LPR) measure-
ments were also carried out on all the specimens using
EG&G PARC Model 350A Corrosion Measurement
Console at the following intervals:

(a) Before impressing the anodic potential.

(b) After external cracking was evident, corrosion

had initiated, or after two months of impressed an-

odic potential, whichever occurred first.

For each polarization test, the specimens were
transferred to an electrochemical cell containing 5%
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NacCl solution and then measurements of polarization
resistance were made.

2.3.2. Free corrosion specimens

After 28 d of curing, G-2 specimens were placed in a
separate container containing 5% NaCl solution and
allowed to corrode freely under laboratory conditions at
22 4+ 5°C. Corrosion of the specimens was monitored by
measuring the corrosion potential and corrosion current
density at periodic intervals. A FLUKE 876B Multim-
eter was used to measure corrosion potential.

2.3.3. Polished steel specimens

These specimens were exposed to saturated Ca(OH),
solution containing the following at normal laboratory
temperature:

1. NacCl,

2. NaCl + M2, and

3. NaCl+ R2

for 48 and 96 h duration.

Following the exposure, the polished surfaces of the
specimens were tested for effect of inhibitors on corro-
sion by anodic polarization and LPR methods. The
specimen surfaces were also analyzed to develop an
understanding of the inhibition mechanism of these in-
hibitors in the presence of chloride ions in saturated
Ca(OH), solution, by using ESCA and Auger spec-
troscopy (AES).

2.4. Test methods

2.4.1. Linear polarization resistance (LPR)

The corrosion rate of reinforcing steel was evaluated
by the LPR method. The corrosion cell consisted of a
reference electrode which is located on the concrete
surface, a working electrode which is the reinforcing
steel embedded in the concrete specimen, and a counter
electrode which is placed in the salt solution around the
concrete specimen. A stainless steel frame was used as
counter electrode. In this technique, the reinforcing steel
bar is polarized to 20 mV of the open circuit potential
(Ecorr), the potential within which the current varies
linearly with applied potential.

The linear polarization resistance, R,,, can be deter-
mined from the slope of the plot of applied potential
against measured current. The corrosion current density
can then be calculated using the Stern—Geary relation-
ship [22] as follows:

]corr = B/va

where I, is the corrosion current density (nA/cm?),
R, is the polarization resistance (kQ cm?), B=
(PuBe)/2.3(B, + B.), where 5, and f, are the anodic and
cathodic Tafel constants, respectively. For steel in
aqueous media, values of f8, and f5, equal to 120 mV are

normally used. However, in the absence of sufficient
data on f, and S, for steel in concrete, a value of B equal
to 52 mV for steel in passive condition and a value equal
to 26 mV for steel in active condition are normally used.
Gonzalez et al. [23] have demonstrated a good correla-
tion between corrosion rates determined by the LPR
technique and weight loss measurements for active and
passive states of corrosion of steel in concrete. The
corrosion rate can be determined by using the following
relationship [22]:

Corrosion rate (mpy) = (0.13/,,,, EW)/d,

where I is the corrosion current density (pA/cm?),
EW is the equivalent weight of steel, and d is the density
of steel.

For polished specimens, the LPR method was similar
to that detailed above (Section 2.3.2, first paragraph)
except that a standard corrosion cell was used which is
fitted with a standard size disk specimen holder which
exposes 100 mm? area of the specimen surface and a
stainless steel rod for the counter-electrode.

2.4.2. Anodic polarization

Anodic polarization tests were run for control- and
inhibitor-treated polished steel specimens. The control
specimen was immersed in saturated Ca(OH), solution
containing 5% NaCl for 48 and 96 h at 22 4+ 5°C. The
other specimens were immersed in saturated Ca(OH),
solution containing 5% NaCl 4+ M2 or R2 inhibitors at
recommended concentrations of 5 1/m* and 1.2 kg/m?
of solution, respectively. The tests were carried out under
anodic potentiodynamic conditions. Starting at the rest
potential (E..,), the specimens were polarized towards
higher anodic potentials and the corresponding current
density (/) was measured automatically. The results were
represented as potential-current density plots.

2.4.3. AC impedance spectroscopy

AC impedance measurements were made for one
specimen from each batch at the rest potential, before
cracking and after cracking, by using Solatron Fre-
quency Response Analyzer (FRA) Model 1250.

The AC impedance spectroscopy provides informa-
tion on the active—passive behavior and dielectric
properties of the metal oxide formed on the steel surface.
The impedance technique can also be used to establish
the diffusion and migration behavior of the ions towards
the reinforcing steel surface.

The AC impedance tests were carried out at the fol-
lowing test conditions:

(a) Amplitude 10 mV.

(b) Sweep from 50 kHz to 1 mHz.

(c) DC potential E ;.

(d) A 4 steps per decade on the log scale sweep.

(e) A delay of 3 s between frequencies.
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The AC impedance data were presented in the form
of Nyquist and Bode plots. The results were analyzed by
elaborating on models of the corresponding equivalent
circuit to extract factors such as charge transfer resis-
tance (R.) relating to the corrosion mechanisms and the
corrosion rate.

2.4.4. Surface analyses by electron spectroscopy for
chemical analysis (ESCA) and AES

ESCA spectra were generated for four steel speci-
mens, each of which was exposed to one of the following
environments:

e 5% NaCl solution,
e saturated Ca(OH), solution containing 5% NaCl,
e saturated Ca(OH), solution containing 5% NaCl +

M2, and
o saturated Ca(OH), solution containing 5% NaCl +

R2.

For this purpose Perkin Elmer PHI 5300 ESCA System
was used with a Mg anode operated at 13 kV and 23
mA. The base pressure of the system was 2 x 10~® Torr
during data collection. The ESCA spectra were taken
from samples in their as-received state.

The AES was obtained for only two of the steel
samples which were exposed to saturated Ca(OH), so-
lution containing 5% NaCl + M2 or saturated Ca(OH),
solution containing 5% NaCl + R2, respectively. For
this purpose Perkin Elmer PHI 600 Scanning Auger
Multiprobe was used at a 3 kV beam and beam current
of 50-60 nA. To avoid charging, both samples were
placed on the sample holder with the help of copper
clips.

3. Results and discussions
3.1. Accelerated corrosion tests

The time—current curves for the specimens made with
plain concrete and with corrosion inhibitors M2 and R2
are shown in Figs. 1-3, respectively. From Figs. 1-3, it is
seen that the current requirement for the specimens are
in the order of R2 < M2 < control, which indicates the
effectiveness of these inhibitors right from the beginning.
The current requirements for the control specimens
varied from 11 to 27 mA during 180 h of monitoring
period. The large dispersion observed in the current
variation could be due to the quality of concrete in the
specimens. The current variation was 9-20 mA for M2
and 6-8 mA for R2. The inhibitor R2 was a better
performer than M2 throughout the monitoring period
and after cracking.

The time—current curves for specimens with M2 in-
dicate that the time-to-initiation of corrosion in the
three specimens ranged from 90 to 95 h. The time—cur-
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Fig. 3. Time—current curves for concrete specimens incorporating R2.

rent curves for specimens with R2 indicate corrosion
initiation after about 380 h in specimen 1. A time period
of about 370 h can be assumed for specimen 2 since a
significant change in the current requirement is indicated
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Table 2
Polarization current, corrosion rates, and charge transfer resistance

Specimen Polarization current CR (mpy) before CR (mpy) after cracking Ave. Ry (Q cm?)
(mA) after application application of +4 V of +4 V imposed after cracking
of +4 V specimen

Control 19.1 0.123 3.583 8.5

R2 6.4 0.071 3.084 15.5

M2 10.6 0.176 2.780 17.9

after 370 h. From Figs. 1-3, the time-to-cracking of
plain concrete specimens was estimated to be 90, 90, and
100 h with an average of 93 h. The average time-to-
cracking of the concrete specimens made with M2 and
R2 inhibitors were 93 and 375 h, respectively. The time-
to-cracking was taken as the point where current re-
quirement increased significantly on the curves.

The corrosion rates of steel in the plain cement con-
crete and in the concretes made with inhibitors were
determined before and after application of the impressed
potential. The corrosion rates of steel before application
of the anodic potential are presented in Table 2. The
average corrosion rate of steel in the plain concrete
specimens was 0.123 mils per year (mpy). The corrosion
rates of steel in the concrete specimens made with M2
and R2 inhibitors were 0.176 and 0.071 mpy, respec-
tively, before application of anodic potential.

The corrosion rates of steel after cracking of the
concrete specimens are shown in Table 2. The corrosion
rate of steel in cracked plain concrete specimen was 3.58
mpy, whereas the corrosion rates of steel in specimens
containing M2 and R2 inhibitors were 2.78 and 3.08
mpy, respectively.

3.2. Freely corroding specimens

Figs. 4-6 show the corrosion potential-time curves
for freely corroding specimens. The corrosion potential—
time curves for steel in the plain concrete specimens,
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Fig. 4. Corrosion potential-time curves for plain concrete specimens.
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Fig. 5. Corrosion potential-time curves for concrete specimens
incorporating inhibitor, M2.
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Fig. 6. Corrosion potential-time curves for concrete specimens in-
corporating inhibitor, R2.

shown in Fig. 4, indicate possibility of active corrosion
even before exposure to the salt solution, i.e., the po-
tentials are more negative than the —270 mV saturated
calomel electrode (SCE). According to ASTM C 876
[24] potentials more negative than —350 mV copper—
copper sulfate electrode, i.e., —270 mV SCE indicate a
90% probability of active corrosion. The potentials in all
the three specimens continue to decrease (become more
negative) at an exposure period of 7 d. After 7 d, these
readings are more or less stable. The corrosion poten-
tial-time curves for steel in the concrete specimens
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containing inhibitor M2 are shown in Fig. 5. These data
indicate a trend similar to that observed in the plain
concrete specimens shown in Fig. 4. The corrosion po-
tential-time curves for steel in the concrete specimens
mixed with R2 are plotted in Fig. 6. The potential values
of steel in all the three specimens made with this inhib-
itor were more negative than —270 mV at the time of
exposure. However, with increasing periods of exposure,
the potential values tended to increase (become less
negative). The potential values in these specimens star-
ted crossing the ASTM C 876 threshold potential of
—270 mV SCE after about 36 d of exposure and in-
creased with the exposure period.

The average values of the corrosion potentials on
steel bars in all the specimens were more or less similar
with the exception of the specimens made with inhibitor
R2. The corrosion potentials of the specimens with R2
were more positive than corrosion potentials of the
other specimens right from the beginning of exposure.

The corrosion rates of steel bars in the contaminated
and freely corroding specimens are shown in Fig. 7. The
corrosion rates of steel in the plain concrete and those
made with inhibitor R2 were much less than the corro-
sion rate of steel in the concrete specimens made with
inhibitor M2. With time of exposure, the rate of cor-
rosion of steel in the control specimens increased, while
in R2 specimens it remained almost constant. After 55 d
of exposure to accelerated corrosion, the rate of corro-
sion of reinforcing steel bar was 1.3, 1.6 and 0.75 mpy in
the plain concrete specimens, in specimens with inhibitor
M2, and in specimens containing inhibitor R2, respec-
tively.

3.3. AC impedance study

The AC impedance study of the specimens before
cracking did not produce meaningful results. Therefore,
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Fig. 7. Corrosion rate of steel in chloride-contaminated (freely cor-
roding) concrete specimens.
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Fig. 8. Nyquit plot for uncoated specimen.

this study was carried out for the accelerated corrosion
specimens after cracking. The measurements were made
at E. after the concrete samples cracked.

In the case of plain rebar (uncoated) sample (Fig. 8),
the spectrum exhibits a high-frequency capacitive loop
(corresponding to Cy—R,; circuit) and an inductive loop
at lower frequency (e.g. between 15.8 and 0.5 Hz). The
behavior at frequencies lower than 0.5 Hz is consistent
with the absorption and surface relaxation processes of
species that, in this case, are favorable to corrosion
processes.

The data on charge transfer resistance (R.) obtained
from impedance for the different inhibitors are shown in
Table 2. The higher the R value, the lower the corro-
sion rate, thus, according to R values, the corrosion
rate of the inhibited specimens after cracking appear to
be in the following order: control > R2 > M2. This is
probably due to deterioration of inhibitive effect of R2
after cracking of concrete.

3.4. Anodic polarization

Fig. 9 shows the anodic polarization curves. The re-
sults of LPR are presented in Table 3. The curves and
results show that, although both of the inhibitors retard
corrosion of the steel specimens, R2 is more effective
than M2 in doing so. After 48 h of immersion the cor-
rosion rates were 2.49, 5.00 and 0.52 mpy in solutions of
5% NaCl containing Ca(OH),, Ca(OH), + M2 and
Ca(OH), + R2, respectively. During the first two days
of immersion, M2 had adverse effect on the corrosion of
steel. After 96 h, however, corrosion rates of steel bars
were measured to be 14.30, 12.40 and 2.67 mpy in
solutions of 5% NaCl containing Ca(OH),,
Ca(OH), + M2 and Ca(OH), + R2, respectively. The
results indicate that R2 is a more effective inhibitor than
M2 in retarding corrosion of steel in the presence of
chloride ions. This is also evident from Fig. 9 where R2
displays a steeper anodic polarization curve than M2.
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Fig. 9. Anodic polarization curves and effect of inhibitors after 96 h
exposure of steel specimens to the inhibitors.

3.5. Study of inhibition mechanism

3.5.1. ESCA analysis

The ESCA survey spectra was collected from the four
specimens exposed to four different environments. The
corresponding typical multiplex spectra for iron are
presented in Figs. 10-13. The binding energies of the
peaks of the spectra given in these figures have not been
corrected for charging. Binding energy (BE) values,

which have been charge-compensated, are presented in
Table 4. Atomic concentrations of elements on the
surface layer of the specimens are presented in Table 5.

As seen from Table 4, the features that are due to
carbon, the oxygen group (oxide, hydroxide, water) are
common to all spectra, while the features due to nitro-
gen and silicon (possibly silicate) are observed only for
the samples exposed to M2 and R2, respectively. The
amounts of nitrogen and silicon are quite small.

Except for the presence of calcium, the surfaces
treated either with 5% NaCl, 5% NaCl + sat. Ca(OH),,
or 5% NaCl + sat. Ca(OH), + M2 are rather similar
from the point of view of the species on the surface. This
is not to say, however, that there is practically no dif-
ference. The signal strengths of Na, Cl, and Fe have all
diminished for surfaces additionally treated with
Ca(OH), compared with those treated either with 5%
NaCl or with 5% NaCl + sat. Ca(OH), + M2. The low-
energy C 1s peak at about 285 eV is common to all
specimen surfaces inspected. It is probably due to con-
tamination of the specimens from the atmosphere.

The multiplex spectra of O 1s, Fe 2p*? and Cl 2p
obtained from the steel surface treated with 5% NaCl
indicate that the surface layer most probably consisted
of several iron oxides such as y-Fe,O;, Fe;O4, iron
oxyhydroxide (FeOOH), and iron chloride (FeCl,). This
is consistent with the already published results [25-28].
Foley et al. [26] reported development of Fe;O4 and

Table 3
Results of linear polarization resistance tests
Specimens After 48 h After 96 h
R, (Q cm?) Corr. rate (mpy) R, (Q cm?) Corr. rate (mpy)
Control 7552 2.49 1039 14.30
M2 5148 5.00 1743 12.40
R2 12350 0.52 8108 2.67
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Fig. 10. ESCA multiplex spectra for Fe 2p of steel specimen exposed
to 5% NaCl solution.
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Fig. 11. ESCA multiplex spectra for Fe 2p of steel specimen exposed
to 5% NaCl + sat. Ca(OH), solution.
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Fig. 13. ESCA multiplex spectra for Fe 2p of steel specimen exposed
to 5% NaCl + sat. Ca(OH), + R2 solution.

FeOOH on steel surfaces outside the passive region,
whereas Sato et al. [27] reported development of y-Fe-
OOH and y-Fe,0; in acidic environment. According to

Allam et al. [28], FeCl, and FeCl; could form on the
steel surface in the presence of NaCl under atmospheric
conditions.

The O 1s, Fe 2p*/? and Cl 2p multiplex spectra pro-
files indicate that, with the introduction of sat. Ca(OH),
in the environment, the compounds on the steel surface
become predominantly FeOOH with some y-Fe,O; and
FeCl;. Zacroczymski et al. [29] and Montemor et al. [30]
also reported the formation of FeOOH on pure iron in
NaOH solution and on mild steel in chloride-ion-con-
taining environment, respectively. The lower corrosion
rate of the steel specimens in 5% NaCl + sat. Ca(OH),
compared to the corrosion rate in 5% NaCl [31] is evi-
denced with weak oxygen and chloride peaks in the re-
spective multiplex spectra obtained in the former case
(Table 4).

After the treatment with organic inhibitor M2, in
addition to 5% NaCl + sat. Ca(OH),, three more C 1s
peaks (other than the peak at 285.7 eV) with higher
binding energy were identified on the surface. The
high-energy C 1s peaks are attributable to the film
formation by the organic inhibitor on the steel surface.
The O Is and Fe 2p*? peak profiles, in this case, in-
dicate that the steel surface is probably composed of
mainly Fe,O; with some Fe;O, and FeCl,. The steel
surface also showed high-energy peaks for O 1s (at
532.1 eV) and CI 2p*? (at 200.2 eV) in corresponding
multiple spectra. These high-energy peaks could be due
to organic oxygen and chlorine in the composition of
M2. Increased oxygen and chlorine on the steel surface
treated with M2 is probably the cause of inferior per-
formance of this inhibitor compared to inorganic in-
hibitor R2.

The Fe 2p*? and broad O 1s peak profiles obtained
from steel surface exposed to inorganic inhibitor R2, in
addition to 5% NaCl+ sat. Ca(OH),, indicate the
presence of mainly Fe,0;, Fe;04, FeO and Fe(OH), on
the surface. The weak high-energy O 1s peak (at 533.6

Table 4
Charge-compensated binding energies (eV)
Sample Cls Ols Na Is Fe 2p*? Cl 2p Ca 2p3? N 1s Si 2p
5% NaCl 285.6 529.7 1071.4 710.1 199.0 None None None
531
5% NacCl + sat. 285.7 528.8 weak Broad 711.6 199.0 347.4 None None
Ca(OH), and weak weak
290 531.5
534.5 weak
5% NaCl + sat. 285.7 529.3 1072.4 710.2 199.0 348.1 398.7 None
Ca(OH), + M2 286.7 530.6 200.2
291.3 532.1
291.9
5% NacCl + sat. 284.5 529.3 weak None 709.9 None 347.5 None 102.3
Ca(OH), + R2 Reference 531.1

533.6 weak
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eV) could be due to SiO; in the composition of inhibitor
R2. The chlorine and sodium were not detected on the
steel surface in this case. The observations are consistent
with the better protection shown by inorganic inhibitor
R2 against corrosion of steel in sodium chloride envi-
ronment. The inorganic inhibitor is probably reacting
with the chloride and sodium ions in the solution, pre-
venting them from reaching the steel surface, and thus
protecting the surface against corrosion.

3.5.2. Scanning Auger multiprobe (SAM) analysis
(AES)

Figs. 14 and 15 give the AES spectra obtained from
the surfaces exposed to M2 and R2, respectively. The
elements observed on each surface are also indicated on
the figures. A common feature of the AES spectra from
these surfaces is the dominance of the signal due to
carbon. Calcium is also seen to be present on each
surface. On the other hand, the AES signal attributed to
iron is seen to be weaker for the surface treated with R2
than for the surface treated with M2, which suggests
that the R2 protects the surface from corrosion more
than M2 does. Finally it should be pointed out that this
conclusion is consistent with that reached earlier using
ESCA.

The surface analysis (Table 5) of the inhibitor-trea-
ted steel specimens using ESCA and AES showed that
the steel treated with R2 did not have any chloride or
sodium ion in the surface layer. It was weak in iron,
oxygen and silicon content. The indications are such
that R2 might have modified the passive film on the
surface to consist mainly of Fe,O;. Also, R2 might
have reacted with chloride ions in the vicinity of the
metal surface to prevent them from reaching the sur-
face, whereas M2 has a nitrogen group in its compo-
sition which probably modified iron oxide on the steel
surface to mainly Fe,O; in the presence of saturated
calcium hydroxide and at the same time formed a
protective film on the steel surface. However, the or-
ganic chlorine and oxygen in the composition of M2 is
probably one of the reasons for its inferior performance
compared to R2.

3.6. Performance rating of inhibitors

The performance ratings of inhibitors M2 and R2 are
summarized in Table 6. The results show that R2 is a
much better performer as inhibitor than M2 in saturated
Ca(OH), solution, in the presence of chloride ions. The
effectiveness of R2 in retarding corrosion of steel is su-
perior both in concrete as well as without concrete. The
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Fig. 15. AES spectra obtained from the surfaces exposed to R2.

Table 5
Atomic concentrations of elements on the surface of steel specimens
Element 5% NaCl concentration 5% NaCl + sat. Ca(OH), 5% NaCl + 5% NaCl +
(%) concentration (%) sat. Ca(OH), + M2 sat. Ca(OH),+ R2
concentration (%) concentration (%)
Cl 2p 5.26 1.05 5.63 -
Na 1s 2.05 0.83 2.85 -
Ca 2p - 3.69 3.02 1.60
Fe 2p 6.64 3.98 4.54 0.46
O 1s 28.85 27.10 33.25 14.52

Cls 57.20 63.31
Si 2p - -

50.70 82.36
- 1.05




Table 6

Performance evaluation of the inhibitors

Anodic

Anodic

Polarization Cracking time Acc corr. rate Free corr. rate AC impedance
after cracking

current after

Acc corr. rate
before imp.
potential

Material

polarization

polarization

after cracking

corr. rate 96 h

corr. rate 48 h

impressing +4 V

mA

H. Saricimen et al. | Cement & Concrete Composites 24 (2002) 89-100 99

hr Perf. mpy Perf. mpy Perf. R Perf. mpy Perf. mpy Perf.

Perf.

Perf.

mpy

1.00
1.15

5.36

14.30
12.40
2.67

1.00
0.49
4.79

2.49
5.00
0.52

1.00
2.10
1.82

8.5

1.00
0.79
1.93

1.35
1.70
0.70

1.00
1.29
1.16

3.583
2.780

1.00
1.27
4.09

106

1.00
1.80
2.98

1.00 19.1

0.70

0.123
0.176
0.071

Control

M2

17.9

135
434

10.6

15.5

3.084

6.4

1.73

R2

results obtained from accelerated corrosion under im-
pressed potential and free corrosion of contaminated
reinforced concrete specimens clearly demonstrate the
higher effectiveness of R2 as inhibitor in the presence of
chloride ions. The only time when M2 shows better
performance is after the concrete cover over the steel bar
cracks as shown by both DC LPR and AC test results.
Probably cracking induces unrepairable damage to the
passive layer formed on steel surface in the presence of
R2, thus leading to higher corrosion in R2-containing
specimens than in specimens with M2. The superior
corrosion inhibiting characteristics of R2 over M2 were
also shown by ESCA and AES analysis of steel surfaces.
According to cracking time the R2 containing concrete
performs four times better than the control specimen.
According to anodic polarization results, the steel sur-
face treated with R2 solution for 96 h performed five
times better than the control steel surface in the presence
of chloride ions.

4. Conclusions

From the data developed in this study, the following
conclusions are made:

1. The time-to-cracking in uncontaminated concrete
specimens made with inhibitors M2 and R2 was high-
er than that of the control concrete specimens. While
the increase in the time-to-cracking in the concrete
specimens incorporating M2 was marginal, a signifi-
cant improvement in the corrosion-resisting charac-
teristics of concrete incorporating R2 was indicated
over the control specimens. The time-to-cracking in
concrete specimens incorporating M2 and R2 was
1.3 and 4 times higher in order of magnitude than
that in the control specimen, respectively.

2. The data on time-to-cracking in the uncontaminated
concrete specimens and the corrosion rate of steel in
the contaminated concrete specimens indicate the bet-
ter performance of inhibitor R2 in retarding rein-
forcement corrosion, both in terms of time to
initiation of corrosion and corrosion propagation.

3. The better performance of inhibitor R2 over M2 was
also shown by electrochemical investigation on steel
specimens immersed in an inhibitor containing 5%
NaCl + saturated Ca(OH), solutions. After 96 h ex-
posure to inhibitor containing solution the corrosion
rates were in the following ratio: control > M2 >
R2=54>46>1.

4. The surface analysis indicated that R2 most probably
modified the passive film on the steel surface as well
as reacted with chloride ions in the vicinity of the me-
tal and stopped them from reaching the surface,
whereas M2, which has nitrogen group in its compo-
sition, might have modified the passive film on the
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steel surface and at the same time formed a film on
the surface to protect the steel against corrosion in
the presence of chloride ions. Organic oxygen and
chlorine in the composition of M2 could be one of
the causes of its inferior performance compared to
that of R2.
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