Pergamon

Cement and Concrete Research 29 (1999) 1583-1589

CEMENT anp
CONCRETE
RESEARCH

Corrosion inhibitorsin concrete
Part |1: Effect on chloride threshold values for
corrosion of steel in synthetic pore solutions
L. Mammoliti®*, C.M. Hansson? B.B. Hope®

aDepartment of Mechanical Engineering, University of Waterloo, 200 University Avenue, W., Waterloo, Ontario N2L 3G1, Canada
bDepartment of Civil Engineering, Queen’s University, Kingston, Ontario, Canada
Received 16 July 1998; accepted 9 June 1999

Abstract

The effectiveness of four commercially available corrosion inhibitors for use in cement-based materials was assessed in synthetic con-
crete pore solution containing chlorides. The effect of the surface topography of the sample and the composition of the pore solution was
also assessed. Although in a parallel study the inhibitors were observed to delay the onset of corrosion, in these tests in pore solution they
were found to be ineffective in increasing the chloride threshold value of reinforcing steel exposed to chlorides and had little influence on
the progression of corrosion once initiated. This suggests that chemical reactions within the cement phase are responsible for the ob-
served results. Metallographically polished samples proved the most resistant to corrosion regardless of electrolyte composition and sam-
ples with all surface finishes exhibited lower resistance in solutions containing only calcium hydroxide than in the higher pH synthetic
concrete pore solutions. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Corrosion of reinforcing steel embedded in concrete is
becoming a significant structural and financial problem. A
large proportion of reinforcement corrosion within North
Americais adirect result of the use of deicing salts during
winter months to maintain ice-free highways and roads.
This has led to an increased incidence of potholes, spals,
and delaminations of concrete in reinforced highway struc-
tures such as bridge decks, parking garages, and support pil-
lars of various structures. Also affected by salt-induced cor-
rosion are coastal structures that are exposed to seawater.
As a consequence, a large effort is being made to find a
means of delaying the onset of rebar corrosion. One such
method is the use of chemical admixtures to act as “corro-
sion inhibitors.”

This paper describes one portion of a four-part project,
the objectives of which were to evaluate the effectiveness of
those corrosion inhibitors available commercially at the on-
set of the project, to determine the factors influencing their
effectiveness, and, where possible, to determine the mecha-
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nism of inhibition and whether or not the admixtures are
consumed in the process of providing corrosion inhibition.
Possible mechanisms of corrosion inhibition, as they apply
to steel in concrete, have been described in Part 1 [1]. In
practice, the inhibitor can delay the onset of corrosion (a) by
reducing the rate of ingress of chlorides, by increasing the
chemical binding of chlorides, or by raising the chloride
threshold value for corrosion initiation, and/or (b) by reduc-
ing the rate of corrosion onceit isinitiated. Six corrosion in-
hibitors were identified as being available commercially
and their manufacturers were invited to supply samples of
their inhibitors for testing.

One manufacturer declined and, after examination of the
constituents of a second product, it was decided not to in-
clude it in the investigation. Thus four products, two cal-
cium nitrite-based, designated CN(1) and CN(2), and two
organic compounds, designated ORG(1) and ORG(2), were
investigated. The investigation was carried out in three
parts. The first part reported here involves studies of the
electrochemical behaviour of steel in synthetic concrete
pore solutions to determine the chloride threshold values
and subsequent rates of corrosion and whether or not the in-
hibitor was “consumed” in the process of providing inhibi-
tion and, thus, would lose its effectiveness over time. While
all inhibitors have been shown to be effective in delaying
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the onset of corrosion, it was believed necessary to identify
the mechanism in order to ascertain the long-term effects.
The second study measured the time to corrosion initiation
and subsequent corrosion rates of steel in mortar and in con-
crete and is reported separately [2]. Findly, the effect of
these inhibitors on the physical and mechanical properties
of the concrete was evaluated [3].

2. Experimental
2.1. Chemical identification of the inhibitors

All four inhibitors were supplied as solutions and Materi-
as Safety Data Sheets (MSDS) were provided with each
product. From the information given in the MSDS, it was
assumed that the two nitrite inhibitors were essentially the
same product but because of differences in the recom-
mended dosages and subsequently observed effectiveness
of these products, samples of each were oven-dried and the
residue analyzed by energy dispersive X-ray spectroscopy
(EDS) and X-ray diffraction (XRD). The manufacturer’'s
identification of the ORG(1) inhibitor as an amine/ester
mixture was accepted as sufficient for the purposes of this
project and the solution was not analyzed. The identity of
the ORG(2) inhibitor could not be obtained from the manu-
facturer or the Materials Safety Data Sheet supplied with
the product but the inhibitor was gelatinous in consistency,
brown, and had the distinct odour of ammonia.

2.2. Electrochemical measurements

To determine the amount of chloride that could be toler-
ated by the steel without initiating active corrosion (the
chloride threshold value), the following procedure was per-
formed. Samples of reinforcing black steel bar were
mounted in “bakelite” and polished metallographicaly to a
0.05-pm finish. Three samples were then placed in each of
15 electrochemical cells and immersed in a synthetic pore
solution (a saturated calcium hydroxide solution containing
NaOH, KOH, and excess Ca(OH), with a pH of ~13.3)
with the recommended dose of inhibitor. For each of the
four inhibitors and a control solution, there were three cells,
one of which was exposed to the atmosphere (designated as
naturally aerated). The other two cells were deaerated and
oxygenated by bubbling nitrogen and oxygen, respectively,
through the solution.

A cyclic polarization curve was obtained for each steel
sample by scanning the potential at a rate of 1 mV/s and
measuring the corresponding current flowing between the
sample and the stainless stedl counter electrode. Sodium
chloride was then added to the solution providing 1% CI~
by mass of solution and the system was allowed to stabilize
for at least 1 week. A polarization curve was obtained at the
end of this period and the pH of each solution was mea-
sured. The salt additions, stabilization periods, and polariza-
tion curves were repeated up to a total of 10% Cl—. This
concentration would be equivalent to 0.5% Cl~ by weight of

cement assuming awater:cement ratio of 0.45 and complete
hydration is achieved.

To determine the effects of surface finish of the steel and
the pH of the solution on the chloride threshold values and
corrosion rate, three types of specimens were tested in the
synthetic pore solution of pH ~13.3 and, to simulate alarge
number of reports in the literature, in filtered, saturated cal-
cium hydroxide solution of pH ~12.5; both solutions con-
tained the inhibitor CN(1) at a dosage of 0.1% Ca(NO,), by
weight. One type of specimen was mounted in bakelite and
polished as in the experiments described above, the second
was a 20-mm length of carbon steel bar that was ground
with 600 grit paper and degreased, while the third specimen
was a 20-mm length of deformed reinforcing steel that was
simply degreased, leaving the mill scale intact (see Fig. 1).

The possible consumption of the inhibitors was investi-
gated by preparing two containers of synthetic pore solu-
tions for each inhibitor, one without chlorides and one con-
taining 6% Cl~ as NaCl. The same known mass of steel
wool was introduced into each container to provide a large
surface area (approximately 1200 cm?) of steel for the cor-
rosion process. After 9 months of exposure to the steel
wool, the solutions were used as electrolyte for polarization
curves determined for 20-mm lengths of degreased de-
formed rebar. Control measurements were made in fresh so-
lutions of the same initial compositions.

3. Results
3.1. Inhibitor properties

All the inhibitor admixtures except ORG(2) were suffi-
ciently soluble to obtain a uniform mix. Even when mixed
with warm water, this inhibitor proved impossible to dis-
persein solution.

When vacuum oven-dried, the two nitrite compounds | eft
residues that were very different in appearance: CN(1) was
white and obvioudly crystalline, whereas CN(2) was cream-
coloured with a globular appearance giving the impression
that it contained some organic matter. Analysis of the two
residues by EDS with alight element detector in an environ-

¢. Deformed Rebar
Unpolished, Unground
Degreased

b. Smooth Steel
Ground
Degreased

a. Mounted Rebar
Polished
Degreased

Fig. 1. Schematic representation of sample surfaces.
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Fig. 2. ESEM micrographs and EDS spectra. (a), (), and (€): CN(1); (b), (d), and (f): CN(2).
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Fig. 3. Average current density vs. chloride concentration. (a) and (b): Naturally aerated states; (c) and (d): deaerated states; (€) and (f): oxygenated states.
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mental scanning electron microscope (ESEM) gave no evi-
dence of elements other than calcium, nitrogen, and oxygen
and XRD showed only peaks corresponding to Ca(NO,),, as
shown in Fig. 2. It must be concluded, therefore, that any
organic or other matter in the calcium nitrite inhibitors is
present in quantities below the detection limit of these two
techniques.

3.2. Electrochemical measurements

Figs. 3a—f display the average corrosion current densities
vs. chloride content calculated from Tafel extrapolations of
cyclic polarization curves for samples immersed in both in-
hibited and control solutions, naturally aerated, deaerated,
and oxygenated. It should be noted that the values of corro-
sion current densities are only approximate as the polariza-
tion curves did not aways exhibit clear Tafel regions. As
expected, the lowest values were observed in the deaerated
state, a consequence of the stifling of the cathodic reaction
dueto the lack of oxygen in the system. Current density val-
ues for samples immersed in the control solution aso
showed the greatest instability in this state, again aresult of
the difficulty in establishing and maintaining a homoge-
neous passive layer due to the lack of oxygen. The highest
values were noted in the naturally aerated state, possibly a
result of some degree of carbonation of the solutions. In all
three states, inhibitors proved most effective at lower chlo-
ride levels (<5% CI ™), displaying current densities compa-
rable or lower than those exhibited by control samples.
However, the inhibitors were found to be essentially inef-
fective at increasing the chloride threshold value and in the
majority of cases, samples immersed in inhibited solutions
displayed signs of passive film breakdown at lower Cl~
contents than samples exposed to control solutions.

Fig. 4 gives the measured pH values of al five solutions
in the naturally aerated state. Values observed here were
typical of those seen in al three states. Solutions containing
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Fig. 4. pH measurements of synthetic concrete pore solutions in naturally
aerated states.

CN(1) consistently gave pH values of up to one pH unit
lower than its counterparts and the control solution, regard-
less of aeration state. At this time, the mechanism behind
this drop is undetermined. However, it was noted that im-
mediately upon adding the CN(1) inhibitor, a massive
amount of a white precipitate formed. This precipitate was
analyzed using EDS and found to be predominately calcium
and oxygen, suggesting that it ismost likely Ca(OH)..

Fig. 5 gives the cyclic polarization curves generated at a
chloride level of 8.5% Cl~ in synthetic concrete pore solu-
tion of the polished, deformed, and smooth samples. The
highly polished sample generally gave current density val-
ues two orders of magnitude lower than the deformed or
smooth samples. Thistype of behaviour was evident at most
chloride levels, as seen in Fig. 6. The smooth sample was
the first to exhibit pitting corrosion at 2% CI—, followed by
the deformed sample at 7% Cl~; the polished sample never
succumbed to localized attack. Fluctuations in current den-
sity are associated with the occurrence of pitting in the sam-
ple, followed by repassivation of the sample surface. Sam-
plesin the filtered lime water followed the sample corrosion
sequence; that is, the smooth sample showed signs of local-
ized corrosion first, followed by the deformed and polished
samples.

Fig. 7 compares the cyclic polarization curves for pol-
ished samplesin pore solution and filtered lime water, while
Fig. 8 compares current density values at various chloride
levels of the smooth samplesin both solutions with each so-
lution containing 0.1% Ca(NO,), by weight. With increas-
ing chloride content, the samples in the filtered lime water
consistently gave higher current density values than their
counterparts in the pore solution. Furthermore, samples in
lime water appeared more susceptible to localized corrosion
(pitting at lower chloride levels) and did not exhibit any re-
passivation behaviour once corrosion was initiated.

With the exception of CN(2), there appeared to be little
difference between the average corrosion current densities
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Fig. 5. Cyclic polarization curves of surface variant samplesat 8.5% Cl~ in
synthetic concrete pore solutions.
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Fig. 6. Current density values for surface variant samples in synthetic con-
crete pore solutions.

of samplesin unaged and aged solutions containing 6% CI .
Repassivation of samples was evident as current densities
generally decreased when measured a week after the initial
evauation. Table 1 gives the pH values of aged solutions
without chlorides and aged and unaged sol utions containing
6% Cl~. As observed previoudly, the solution containing
CN(1) experienced a more significant drop in pH than the
other inhibited solutions. The same observation is seen in
unaged and aged solutions containing 6% Cl~. Hence, any
pH drop associated with solutions containing CN(1) can be
ruled as a consequence of the constituents of the inhibitor
and is not associated with the addition of chlorides.

4, Discussion

Although inhibitors have been found to delay the onset
of corrosion of steel embedded in mortar or concrete [2],
they were all found to be ineffective at preventing corrosion
of steel in synthetic pore solution and did not increase the
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Fig. 7. Cyclic polarization curves of polished samples at 3% CI~ in syn-
thetic pore and lime water solutions.
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Fig. 8. Current density values of smooth samplesin synthetic pore and lime
water solutions.

chloride threshold value for the steel in this study. All inhib-
itors were most effective at lower chlorides levels, decreas-
ing passive corrosion rates to values dlightly lower than
those exhibited by control samples. Once film breakdown
occurred (most often below chloride levels of breakdown in
control solutions), they were incapable of reestablishing
passivity with increasing chloride concentration. There also
appeared to be no consumption of any inhibitor.

The most surprising behaviour was illustrated by CN(1).
Samples immersed in solutions containing thisinhibitor had
the highest incidences of pitting corrosion accompanied by
higher current density values. Samples also had more diffi-
culty repassivating at higher chloride levels. This behaviour
is most likely attributed to the lower pH values observed in
solutions containing this inhibitor. These results, however,
do not support the proposed mechanism for nitrite inhibition
[4,5], as shown in Eq. (1):

2Fe’" +20H +2NO, — 2NO t +Fe,0;+H,0 +
Fe’" +OH™ +NO, — NO t +y —FeOOH 1)

From these equations, it was suggested that a more coher-
ent, homogeneous passive film forms due to nitrite acting as
acatalyst for film formation; however, no apparent film en-
hancement was observed in synthetic pore solutions.

In contrast, CN(1) was found to be the most effectivein-
hibitor in delaying corrosion initiation in concrete and mor-

Table1
pH values of aged solutions without C1~ and aged and unaged solutions
containing 6% C1~

Agedwithout C1~  Aged6% Cl~  Unaged 6% C1-
CN(1) 12.0 12.1 12.3
CN(2) 12.8 12.7 131
ORG(1) 128 12.8 131
ORG(2) 129 12.7 131
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tar samples [2], which indicates that an alternative mecha-
nism is responsible for this behaviour. It has been reported
that a decrease in the pH increases the chloride-binding ca-
pacity of concrete [6-9]. As a pH decrease was observed
with use of CN(1) in synthetic pore solution, one possible
mechanism is that an increase in chloride binding in con-
crete or mortar decreases the number of free chlorides avail-
able for film breakdown—an effect that cannot, of course,
be observed in synthetic pore solutions.

White, flaky deposits were also observed on the surfaces
of samples immersed in CN(1)-containing pore solutions.
Similar observations have been reported by others [10,11],
and this deposit is believed to be CaCO; (calcium carbonate).

The surface topography and composition of the electro-
lyte of the sample can have a significant effect on the both
the chloride threshold value and corrosion behaviour of oth-
erwise identical samples. Highly polished samples were
found to withstand higher chloride levels than nonpolished
samples, asdid al samplesimmersed in synthetic pore solu-
tion (pH ~ 13.3) compared with those in filtered lime water
(pH ~ 12.5) with all surface finishes.

5. Conclusions

Results obtained from tests performed in synthetic pore
solution were contradictory to those reported in previous
studies. All inhibitors were unsuccessful in increasing the
chloride threshold value of steel exposed to chlorides and
all had a minimal effect on corrosion rates once corrosion
was initiated. CN(1) was found to be the most ineffectivein
pore solution but the most effective in concrete and mortar.
It must be assumed that the corrosion-inhibiting mechanism
is more dependent on chemical interaction with the cement/
concrete than with reinforcing steel. As such, this hypothe-
siswarrants further investigation.

Surface topography and electrolyte composition were
found to have a significant influence on the corrosion be-
haviour of steel reinforcement. These findings are important
in that they question the use of metallographically polished
samples and of Ca(OH), solutions when evaluating corro-
sion in concrete. Additionally, the surface topography and

the electrolyte composition must be considered when com-
paring results among studies.
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