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- Comparative studies were done on a migrating

corrosion inhibitor (MCI) and sodium nitrite
(NaNO,) in carbonation-induced corrosion with and
without chloride attack. The corrosion potential and
corrosion rate were measured. The results indicate that
both corrosion inhibitors can effectively inhibit chloride-
free, carbonation-induced corrosion with the minimum
dosages of 0.8% for the MCl and 2.0% for NaNO,. NaNO,
at dosages up to 4.0% did not prevent corrosion of steel
in carbonated concrete under chloride attack; the MCI
provided effective corrosion inhibition at dosages of
1.6 and 2.0%.

tiswidely recognized that steel
in concrete normally is pro-
tected by a passve film that is
formed as aresult of and main-
tained by the alkali pore solu-
tion in contact with the steel.
Once the akalinity islost, asa
result of carbonation, for example, the
microenvironment in concrete around
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the steel becomes corrosive in the
presence of water and oxygen. Carbon-
ation, one of the major causes of steel
corrosion in concrete, has led to seri-
ous deterioration of concrete struc-
tures throughout the world. The pro-
ces=s of carbonation and carbonation-
induced corrosion are relatively dow
compared to chloride-induced corro-
sion, however. Nitrite-based corrosion
inhibitorshavealong-established repu-
tation™for effectively inhibiting cor-
rosion of steel in concrete. The migrat-
ing corrosion inhibitor (MCI), arela
tively new type of organic inhibitor,
also has been widdly studied and ap-
plied in the past 2 decades.

MCls have been used as concrete ad-
mixture for new concrete and also
as surface treatment for corrosion-
damaged concrete, taking advantage of
their migrating and penetrating prop-
erties in concrete.*® Published studies
and practices, however, tend to focus
on chloride-induced corrosion. There
is a clear need, therefore, to demon-
strate whether corrosion inhibitors are
effective in preventing carbonation-
induced corrosion when used as a con-
crete admixture and/or surface treat-
ment. This article discusses part of a
study program that examined MCI per-
formance in inhibiting carbonation-
induced rebar corrosion. The study
program compared MCls with other,
more established corrosion inhibitors
such as sodium nitrite (NaNO,).

Experimental Procedures
SAMPLE PREPARATION
Mortar samples with a water/
cement ratio of 0.6 and a sand/cement
ratio of 3 were used except when veri-
fying the effect of water saturation on
electrical and polarization resistance,
in which case a water-cement ratio
(w/c ratio) of 0.5 was used for com-
parison. The mortar mixes contained
Portland cement, river sand of fineness
modulus 2.6, and tap water.
Two inhibitors with different
mechanisms of corrosion inhibition
were chosen for the purpose of com-



parison: the typical anodic inhibitor
NaNO, and amixed MCI (Cortec MClI
2006") based on amino-carboxylate
chemistry. Inhibitor dosages were
based on the cement mass.

Mortar prisms were cast with cen-
trally embedded steel bars. The size of
the prism was 30 by 30 by 90 mm. The
steel bars measured 7 mm in diameter
and 100 mm in length and had an ex-
posure area of 19.5 cm?® (Figure 1).
Mortar prisms of each mix were cast
with and without steel bars. The
former were used for the purpose of
examining the carbonation process.
The sampleswere cured at 20 £ 2°C
and relative humidity (RH) >95%. Af-
ter 14 clays curing, the samples were
driedin an oven at 40°C for 2 daysand
then cooled to room temperaturein 24
h. The samples then were placed in the
carbonation chamber.

DETERMINATION OF

CARBONATION STATE
The samples in the carbonation
chamber were conditioned at 18 + 3°C,
RH ~ 75%, and 50 to 80% carbon diox-
ide (CO,). To ensure that the samples
with embedded steel barswere carbon-
ated completely, the same mortar
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Schematic of the mortar prism with embedded steel bars.

prisms—but without embedded
steel—were treated in parallel under
the same conditions. Plain mortar
samples were split from one end each
week to see the depth of carbonation
with the help of phenolphthalein
[(C6H4OH)2COCGH4CO] indicator until
there was no sign of red color in the
center of the cross section. Samples
with embedded steel were considered
completely carbonated and were ready
for corrosion measurement.

DETERMINATION OF
CORROSION CONDITION
After carbonation, the protective
cover lostitsalkalinity, and the passive
film on the sted no longer could be

pH value <10. The steel corrosion
would not proceed significantly, how-
ever, unless there were sufficient wa
ter and oxygen in the cover mortar.’
Thisfavorable condition was achieved
by immersing the samples in water of
20°C for at least 4 h. The electrical re-
sistance between the steel bar in the
mortar and the stainless steel (SS) plate
on the mortar surface, which was used
as a counter-electrode in the linear po-
larization resistance (LPR) test, was
continuously monitored until the
stable lowest value was established, in-
dicating saturation. Polarization resis-
tance measurements aso were made
to confirm the observation.

Aside from obtaining a low, stable

"Trade name. maintained in the pore solutionwitha LPR value, there are other benefits to
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Corrosion rate as a function of immersion time after carbonation for
samples with and without MCI.

Immersion Time (h)

Corrosion rate as a function of immersion time after carbonation for
samples with and without NaNO,.
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Comparison of corrosion rate vs time for MCl-containing and control

samples.

having the samples saturated before
the tests. For example, the electro-
chemical readings were stable during
the tests and the IR-drop was reduced
to the lowest possible leve; this re-
duced the error when the LPR mea-
surements were undertaken with a
device without the ohm-drop compen-
sationfunction.

CORROSION MONITORING

The electrochemical experiments
were performed using model ZF-3
potentiostat with CorrTest software.
A saturated calomel electrode (SCE)
was used as the reference. According
to the standard ASTM C 876, the cor-
rosion state of steel in concrete could
be identified according to half-cell po-
tentials. Potentials more positive than
-270 mV to a copper/copper sulfate
(Cu/CuSQy) electrode (CSE) indicatea
90% probability of passive state; poten-
tialsmorenegativethan-350mV (CSE)
present a>90% likelihood of corrosion.
When the potentials are between -270
mV and -350 mV (CSE), the corrosion
state is uncertain. The potential crite-
rion of -350 mV (CSE) corresponds to
~ -270 mV to the SCE used in this
study.

The LPR test is awidely used elec-
trochemica method for measuring in-

Trade name.
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samples.

stantaneous corrosion rates. The ratio
of E/lI represents polarization resis-
tance (Rp) and may relate to the instan-
taneous corrosion rate (lr) by means
of the expression:

where A isthe area of the stedl bar sur-
face polarized and B is a constant that
may vary from 13 to 52 mV. In this
study, B = 52 mV is used for the pas-
sve state and B = 26 mV for the active
corrosion state.” The measurements
were conducted by scanning from +10
to -10 mV at the rate of 10 mV/min.
Three samples from each group were
tested at the specified time, and the
test results of the three measurements
were averaged and plotted.

Results and Discussion
CORROSION STATE AFTER
CARBONATION

The electrochemical measurements
were carried out at the specified times
of 4, 8, 24, and 48 h to determine the
corrosion activity induced by carbon-
ation. The results show that at lower
dosages of the MClI, the corrosion po-
tentials were similar to the control. At
higher dosages of 1.2, 1.6, and 2.0%,
however, the potentials were ~150 to
300 mV more positive. The resultsin-
dicate that the MCI used may consist
of different inhibiting componentsthat

Comparison of corrosion rate vs time for NaNO,-containing and control

provide mixed corrosion inhibition at
lower dosage but anodic inhibition
dominants at higher dosages. For
sampleswith NaNO,, the corrosion po-
tentialsmoved significantly positive as
expected.

Figures 2 and 3 display the effects
of the two corrosion inhibitors on cor-
rosion rate. The stedl bar in the carbon-
ated mortar was in an active corrosion
state with a corrosion rate as high as
0.9 pA/cm?. The use of the MCl at 4l
the dosages dramatically reduced the
corrosion activity to a very low level.
Similarly, the corrosion rates for
samples with NaNO, significantly re-
duced corrosion activity at al the dos-
agelevels. Thetest results demonstrate
that both the MCI and NaNO, can ef-
fectively inhibit carbonation-induced
corrosion of steel in concrete.

LONG-TERM PERFORMANCE

The corrosion monitoring was per-
formed over aperiod of 112 days, dur-
ing which the samples were stored in
acuring room conditionedat 20+ 1°C
and RH > 90%. Throughout the period,
the distribution pattern of the corro-
sion potentials remained unchanged.
The potential difference slightly re-
duced between the samples, however,
indicating that the MCI functioned ef-
fectively and that corrosion states that
had initially been achieved were main-



Evolutions of corrosion rates after immersion in 3% NaCl solution for

samples with and without MCI.

tained over the time period studied.
This does not necessarily imply, how-
ever, that the tested inhibitors will re-
main effective for many decades.

ThecorrosionratesdisplayedinFig-
ure 4 support the judgments from the
potential measurements. The high cor-
rosion rate of the control sample
changedvery littleduringthelongtest-
ing period. The corroding states of the
MCI-containing samples did not
change. The fact that the corrosion
ratesfor sampleswiththeM Cl dosages
of 0.8% or higher were lower than 0.1
HA/cm? indicates that the minimum
dosage of the MCI may be ~0.8%.
These results bolster the case for us-
ing MCls to combat carbonation-
induced corrosion of steel in concrete
under normal conditions.

The long-term behavior of the
samples containing NaNO, led to a dif-
ferent conclusion. Over time, the cor-
rosion potential sof al of theinhibitor-
containing samples became more
negative—in contrast to the control
sample, which became more positive.
This situation is coincident with the
corrosionratemeasurementsinFigure
5. The increase in corrosion rate for
samples with 1.0% NaNO; is clear: it
gradually reachedavalueof ~0.35uA/
cm? at 112 days, although other
samples with higher NaNO, dosages
still were in low-corrosion states. The

phenomenon confirmsthat the anodic
inhibitor should be used at a high
enough dosage levd to ensure long-
term effectiveness. Under such condi-
tions, the minimum dosage of NaNO,
should be 2%. Note, however, that the
higher NaN O, dosageswould beharm-
ful to concrete properties.

INFLUENCE OF CHLORIDES

In this study, the chlorides were
externally introduced into concrete by
immersing carbonated samples with
andwithoutinhibitorsM ClandNaN O,
into 3% sodium chloride (NaC1) solu-
tion (the chloride concentration at the
depth of the sted was not measured,
however). The carbonated samples
were those cured and tested under the
standard condition for 112 days. The
corrosion potentials and corrosion
rates at the time were used as the ini-
tial datafor theimmersiontest; for the
immersiontests, the samplesfirstwere
curedinthestandard curing condition
for 13 daysandthensubjectedto 1 day
of immersion in the chloride solution
before the corrosion behavior was
measured. The immersion tests were
cycled every 2 weeks.

The results of the corrosion poten-
tials show that the MCI samples be-
came more negative with time but
without changesin the order (i.e., the
higher the dosage of the M Cl, themore

Evolutions of corrosion rates after immersion in 3% NaCl solution for
samples with and without NaNO..

positive the potential was). The
changes in corrosion rates presented
in Figure 6 show that the corrosion rate
of the control sample sharply increased
with time—higher than 7.0pA/cm?at
56 daysafter 4 cycles. The changesfor
theMCI sampleswere0.15to 1.65 pA/
cm?forMCl 0.4%, 0.06t00.54 pA/cm?
forMCl 0.8%, and 0.07t0 0.54 pA/cm?
for MCI 1.2%. The samples with 1.6
and 2.0%MCI changedlittle, however,
and were gill in apassive state with a
corrosion rate lower than 0.1 mA/crr?.

The results demonstrate the MCl's
effectiveness in the case of carbon-
ation together with chloride attack—
one of the most corrosive environ-
ments for stee corrosion in concrete.
The results also indicate that the
mechanism of the corrosion inhibition
may be related to the competitive ad-
sorption onto the steel surface be-
tween the MCI moleculesand chloride
ions.” A proper reservation in specify-
ing the dosage of the MCI inhibitor is
necessary in the case of chloride
attack.

In the case of NaNO,,the potentials
became more negative with time: the
potential became more negative asthe
dosagewaslowered. Theresultsof cor-
rosion ratesdisplayedin Figure 7, how-
ever, show that the corrosion rates of
all the NaNO, samples increased
sharply with time. In particular, the
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corrosion rate of the samplewith 1.0%
dosage had exceeded that of the con-
trol samples; thisobservationconfirms
that the anodic inhibitor may promote
corrosioninthe case"whereitsconcen-
tration becomes lower than what is
needed compared to the concentration
of corrosive species. One may better
understand the observation by refer-
ring to the widely accepted mecha-
nism of the passive film formation:*’

As the mechanism shows, the hydroxyl
ions play arole asimportant asthat of
nitrite ions in passvating sted bar in
concrete. Literature analyzing the ef-
fectiveness and mechanism of nitrite-
based corrosion inhibitors often ig-
noresthisfact, however. The observa-
tion that the inhibiting power of
NaNO, inthe carbonated concretewas
reduced in comparison with noncar-
bonated concrete may well be ex-
plained by the reduction of the con-
centration of hydroxyl ionsin the neu-
tralized pore solution. Similar
experimental observations can dso be
found in some published studies™™
Such explanations do not appear to be
the case for the MCI used because it
relies on adifferent inhibiting mecha-
nism. The MCI molecules form a pro-
tective molecular layer on the steel
surface through competitive adsorp-
tion with chloride ions. The mecha-
nism has been experimentally verified
by thesurfacemicrostructureanalysis,
which shows that the MCI molecules
are more powerful in the competitive
adsorption.®

The long-term resultsindicate that,
in the case of carbonation-induced cor-
rosion, both MCl and NaNO, are effec-
tiveinhibitorsaslong assufficient con-
centration is available in the concrete.
The fact that NaNO, at dosage levels
up to 4.0% did not protect the rebar
from corrosion (in the case of carbon-
ation together with chloride attack)
implies that the inhibitors based on
nitrites may be unsuitable for this ap-
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plication—at least at dosage levels
4% —becausethey have similarinhib-

iting mechanisms. Note that the MCI
used remained stable and effective for
the entire test period, despite its thin
cover andless-densemortar. Neverthe-
less, theminimum dosagefor effecting
corrosion prevention should increase
as chloride ions accumulate in the
concrete.

Conclusions

Based on the experimental results
inthisstudy, thefollowing conclusions
can be drawn:

« Afterthe concrete carbonates, the
reinforcing steel bar isin an active
corrosion state and could have a
high corrosion rate under favorable
corrosion conditions.
* MCl andNaNOsinhibitorscan ef -
fectively inhibit chloride-free car-
bonation-induced corrosion of steel
in concrete with enough dosages.
The minimum recommended dos
ages are 0.8% for MClsand 2.0% for
NaNO,.
» NaNO; at dosages up to 4.0% did
not prevent corrosion. At the dos
ages tested, NaNO, may not be a
proper choice as an effective corro-
sion inhibitor in the case of carbon-
aion together with chloride attack
from the environment.
» The MCI at dosages of 1.6 and
2.0% provided effective corrosion
inhibition for carbonation together
with chloride attack. The minimum
dosage should be increased in com-
parison to that of carbonation-
induced corrosion in relation to
chloride concentration.
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