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Screening Test for Rebar Corrosion

Inhibitors

S. DreEssmMaN, T. Osirorr, J. G, DiLLarD, J. O. GLANVILLE, AND

R. E. WEYERS

The chioride-induced corrosien of steel reinforcing bars (rebars)
in concrete structures can be vitiated by the presence of chemical
compounds that serve as corrosion inhibitors. A simple, quick
procedure has been developed to test for the relative effectiveness
of inhibitors. The test is based on the observable corrosion of
multiple test specimens under specified conditions, Details of the
test procedure are reported along with the results for a range of
inthibitors.

This paper is one of four related reports that describe the
results of basic research studies aimed at answering the ques-
tion of how cotrosion inhibitors can be applied to mitigate
bridge component reinforcing steel corrosion if the concrete
remains in place during the rehabilitation process. This paper
attempts to answer the question as to what corrosion inhibitors
might work and how can they be tested in the laboratory.
Other papers in this series deal with the questions of the
mechanism of action of the corrosion inhibitors (Dillard et
al., a companion paper in this Record}, the mobility of cor-
rosion inhibitors through concrete (Dillard et al., another
companion paper}, and electrochemical studies of inhibition
phenomena {Webster et al., a companion paper in this Rec-
ord). This last paper includes a comparison of the resulis of
corrosion screening tests, surface analytical studies, and eiec-
trochemical studies of a series of inhibitors.

According to pessimistic estimates, as a consequence of
their contamination by chloride salts, as many as one-half of
all highway bridges in the United States (I) are deteriorating
from reinforcing bar (rebar) corrosion. A similar situation
prevails in the United Kingdom (2). Rebar corrosion in bridges
is an outcome of the repeated wintertime application of deic-
ing salts such as sodium chloride and calcium chloride. Re-
views of the problem are available (3,4). Chloride-induced
corrosion destroys the rebar and causes formation of corrosion
products. The corrosion products occupy a greater physical
votume than the rebar itself and cause internal expansion that
leads to cracking and spalling of the concrete cover. Once
cracking and spalling have occurred, the rebar is accessible
to further chloride-induced corrosion-—and so conditions de-
teriorate rapidly.
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Using corrosion-inhibiting ageats is a traditional approach
to preventing or stowing the corrosion of steel. Most corrosion
inhibitors for steel find use in acidic or neutral conditions—
where uninhibited attack may be rapid; corrosion of steel
under alkaline conditions experienced by rebar in concrete is
slow. However, because of the long life required of reinforced
bridges and because corrosion is induced by chloride contam-
ination, corrosion inhibitors are useful (5}, At least two cor-
rosion inhibitors are currently in use for the protection of
rebar. The use of calcium nitrite as an admixture has become
fairly widespread during the past decade, and concrete made
with added calcium nitrite has considerable resistance to
chioride-induced corrosion (6,7). A different approach to in-
hibition involves the use of a corrosion additive as a minor
component of the road salt. For this purpose, sodium mon-
ofluorophosphate (MIFP) has been used (Domtar Corp., Mis-
sissauga, Ontario).

Substances were sought that could be applied to existing,
chloride-contaminated bridge components that would pene-
trate the concrete, and that would, on arrival at the rebar,
stop or inhibit corrosion. The advantage of inhibitor sub-
stances is obvious: their use would allow the relatively inex-
pensive treatment of rebar corrosion in existing bridge com-
ponents without the need for removal of concrete. Proving
the efficacy of any proposed inhibitor is ultimately a task for
field trials and practical testing. However, screening tests can
be conducted under laboratory conditions to test (a) inhibitor
effectiveness, and (b) inhibitor penetration through conerete.
The use of a visual estimation method to judge inhibitor ef-
fectiveness is described in a later section.

Corrosion of rebar in chloride-contaminated ¢oncrete oc-
curs where aqueous sotutions within the pores of the concrete
contact the rebar. The existence of such pore solutions is
necessary to provide a conduit by which chloride ion may
diffuse from the surface of the concrete to the rebars, several
inches below the surface of the deck. In the work reported
here, a synthetic pore solution (8) was used to simulate the
practical situation.

In order to measure the relative effectiveness of inhibitors,
a high concentration of sodium chloride was added to the
simulated pore solution, and the corrosivity of the chioride-
doped simulated pore solution was estimated by the amount
of visual corrosion produced in multiple rebar specimens ex-
posed under standardized conditions, The procedure used was
modified from ASTM Standard G46-76, Standard Practice
for Examination and Evaluation of Pitting Corrosion. The
selection of materials to be tested was strongly guided by what
was available commercially (9).
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The main objective in undertaking this work was to develop
a rapid, inexpensive screemng test to study inhibiting agents
for potential corrosion of rebar in concrete. Related studies
have focused on the related questions of chemical surface
changes (Diflard et al., a companion paper in this Record),
of the relative mobility of inhibitors through concrete paste
(Dillard et al., a companion paper in this Record), and on
the electrochemical potential change during the process of
corrosion and its inhibition (Webster et al., a companion pa-
perin this Record), It was envisioned that candidate inhibitors
identified by means of the test would be carried foward into
a program of scaled-up testing and eventually taken to full-
scale field testing.

A second objective was to use the test 1o conduct a survey
of possible materials. As part of the investigation, numerous
technical representatives of companies that offer corrosion
inhibitors were contacted. Thus, the selection of candidate
materials was based on the industrial state of the art.

EXPERIMENTAL

Test rebar was obtained from a single heat produced by a
local electric furnace from a scrap recycle source. Rebar was
cleaned by rinsing with hexane {commercial solvent grade, of
mixed isomers) but otherwise used in an as-received condi-
tion. Corrosion test pieces were prepared in the form of half-
cylinders by longitudinally cutting approximately 1-in-long
sections of rebar. Synthetic pore solution was prepared by
weighing on a laboratory balance using reagent grade tabo-
ratory chemicals. The composition of the synthetic pore so-
{ution was chosen to to be sodium hydroxide (0.300 M}, po-
tassium hydroxide (0.600 M}, and saturated calcium hydroxide
in distilled water. Chloride-doped pore solution contained an
additional 3.5 weight percent (wt. %} of sodium chloride. Be-
fore use, all solutions were air-saturated by passing air through
them for 1} to 2 hr.

Rebar test specimens were prepared in replicate (usually 5
or 10 replicates per test) by placing approximarely 10 mi. of
the aerated test solution in a small plastic vial and putting a
single rebar test piece into the solution. The rebar test picces
were completely submerged. The vials were loosely capped
and placed in a laboratory oven and maintained at 60°C.
Solutions were replenished periodically and replaced every 2
weeks.

From time to time, each fest specimen was carefully cx-
amined with a 5x hand magnifying lens and graded on the
basis of an estimate of the percentage of the surface corroded.
Corrosion was taken to be any surface modification; no at-
tempt was made to distinguish between corrosion of varying
morphology, i.¢., between area or pitting corrosion. The re-
corded corrosion value was then taken as the ratio of the
altered surface to total surface, multiplied by 100, and re-
ported as percent corrosion. The corrosion observations were
made on the original (curved) surface of the rebar (not the
freshiy cut surface).

For experiments (o test the comparative effect of inhibitors,
accurately weighed quantities of the inhibitors were added to
the chloride-doped simuiated pore solution. Control solutions
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were chloride-doped pore solution without added corrosion
inhibitor. Corrosion inhibitors were obtained as reagent grade
chemicals from laboratory supply houses. Commercial prod-
ucts were obtained as manufacturers’ samples. Their manu-
facturer and chemical nature are summarized in the following
list.

e Monsanto Chemical Co.

-Dequest 2000, amino tris(methylene phosphonic acid),
50 percent active aqueous solution

~Dequest 2010, hydroxy-ethylidene diphosphonic acid,
60 percent active aqueous solution

~Dequest 2054, hexapotassium hexamethylene diamine
(methylene tetraphosphonate), 35 percent active agueous
solution.
& Alox Chemical Co.

~Alox 901

-Alox 502A

~Alox 229]

- Alox 319F

~Alox 350

~-Alox 2162

—-Aqualox 2268
e Angus Chemical Co.

- Alkaterge T-1V, oxazoline compound

—Amine CS-1135, oxazoladine blend
@ Miranol Inc.

-Miramine TOC, substituted imidazoline of tal oil fatty
acid

-Monocor BE, borate ester
@ Mona Industries Ltd.

~Maonacor 39, imido ester carboxylic acid derivative
@ Witco Corp.

-Witcamine PA 78-B, salt of fatty imidazoline

—Witcamine PA 60-B, slat of fatty imidazoline

In order to calculate motarities of commercial samples of
proprietary composition and, hence, unknown molecular
weight, a molecular weight of 250 g/mol was assumed.

RESULTS AND DISCUSSION
Preparation of Rebar Samples

Because corrosion effects are highly dependent on surface
phenomena, it was recognized that considerable thought should
be given to the way in which the test pieces were prepared.
Various ireatments with acids were investigated and x-ray
photoectron spectroscopy (XPS) studies made. The surface
analytical composition {obtained from surface chemical anal-
ysis with XPS) is reported in detail elsewhere (Dillard et ai.,
a companion paper in this Record). The surface composition
of the rebar is considerably different from the bulk compo-
sition, with high swrface concentrations of copper and zinc
reflecting the origin of the steel as recycled from shredded
automobiles.

Cleaning with a hydracarbon selvent (hexane) was the prep-
aration methed most likely to yield good results in acceler-
ated, laboratory corrosion tests. However, cleaning with hex-
ane does not significantly alter the surface composition, The
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rebar in the aged bridge components to be protected by the
method described here is likely to be virgin steel, not recycled
steel. Thus, the question of surface catalytic effects on cor-
rosion is open. The results reperted are valid on the basis of
the assumption that the steel used vields a fair relative as-
sessment of the various corrosion inhibitors.

During the studies, most of the corrosion occurred on the
gridiron regions of the specimens, i.e., on the raised regions
of the deformations formed into the rebar to enhance bonding
between the concrete and the steel. Weighing the test spec-
imens as a method of estimating corrosion was considered,
but the possibie improved accuracy was judged to not out-
weigh the considerable extra effort involved.

Development of the Screening Test

At the beginning of this study, all of the basic test parameters
were open to investigation. Preliminary experiments implied
that testing would have to be conducted at the elevated tem-
perature if results were to be achieved after a reasonably short
time. The final choice of 60°C is sufficiently high for rapid
testing, yet sufficiently low that the needs for solution re-
plenishment and replacement are kept within manageable limits.
The baseline data by which the extent of corrosion in chloride-
doped pore solution at 60°C was judged are presented below,
Under the conditions finally selected for the screening tests,
the controls suffer surface corrosion to the extent of about 1
percent a day. The results are based on 10 replicate specimens
and the standard deviations of the average percent corrosion

are indicated.
Time (days) Percent Corrosion

35 26 = 8
56 52 % 22

Deepite the fact that this test is based solely on visual estimates
of the extent of corrosion, the estimated standard deviations
indicate that with a sufficient sumber of replicate samples a
good estimate of corrosion can be reliably obtained. Qverall,
a relative standard deviation of 20 to 40 percent for a wide
range of inhibitors is found. On the basis of this criterion, the
screening test may be judged to be reasonably successful,

Experiments using the known corrosion inhibitors sodium
nitrite and sodium MFP were useful in choosing how long to
conduct the tests, at what temperature to maintain the oven,
and when to either replenish or change solutions.
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During the preliminary phase of the investigation, a number
of studies were made of the effect of specific inhibitor con-
centration on the extent of corrosion. Table 1 presents the
effect of varying sodium nitrite concentration on the percent
corrosion; Table 2 presents the effect of varying sodium mo-
lybdate concentration. Sodium nitrite is one of the best avail-
able inhibitors under the test conditions, and Table 1 indicates
that it is effective even at concentrations as low as 0.00200 M.
Conversely, sodium molybdate is one of the worst inhibitors
under the test conditions. Corrosion in sodium molybdate
{0.00200 M) environment is indistinguishable from that in the
control solutions. However, Table 2 indicates that sodium
molybdate has a modest inhibiting effect at high concentration,

On the basis of these and other concentration studies, an
inhibitor concentration of 0.00200 M was used in the screening
test. Other final parameters in the screening test are shown
in the following list summarizing the recommended proce-
dures.

Parameter Specification

sodium hydroxide (0.300 M)

potassium hydroxide (0.600 M},
saturated with calcium hydroxide

3.50 at.% sodium chloride, aerated
for minimum of 90 min

Half-cylinder of rebaz, 1 in. long

Rebar prepared by hexane cleaning

60°C for 30 days with bi-weekly
replacement of the test solution

One rebar test specimen submerged in
1G ml of test solution in a smail vial

Minimum of five replicates

Visual estimation per ASTM G46--76,

Test solution

Test specimen

Test coaditions

Samples
Evaluation

Selection and Performance of the Corrosion Inhibitors

The known corrosion inhibitors for rebar in steel were among
those first tested. As presented in Tabie 3, both sodium nitrite
and sodium MFP rank high on the basis of the results ob-
tained. These results are encouraging in that they demonstrate
that the rapid screening test has practical value, Although by
themselves they do not validate the test, had these inhibitors
performed badly the test itself would be suspect,

A number of criteria were used in selecting materials to be
tested. Known inhibitors in alkaline systems, such as sodium
mestasilicate, were natural candidates. The phosphoaic acid

TABLE 1 CORROSION INHIBITION BY SODIUM NITRITE

Sedium nitrite concentration

Percent Corrosion

Number of replicates

mol /L.

0.00200 542 10
0.0100 62+ 2 10
0.0500 48 ¢ 2 10
0.100 38+ 1 10
0.500 34 :1 10

control (at 28 days)

NOTE: Corrosion of rebar samples in chloride-doped pore solution at 60° C,
Reported values are the average of 10 replicate samples at each concentration,

Exposure time: 28 days.
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TABLE 2 CORROSION INHIBITION BY SODIUM MOLYBDATE

Sodium molybdate

Percent Corrosion

Number of replicates

concentration
mol/L
0.00200 25«1 10
0.0110 23+ 9 10
0.0500 13+7 10
0.100 113 10
0.500 8§12 10
control (at 33 days) 25%

NOTE: Corrosion of rebar samples in chloride-doped pore solution at 60° C.
Reported values are the average of ten replicate samples at each concentration.

Exposure time: 33 days.

salts (Dequests) were selected because of their high solubility
in alkaline systems and potential ability to form surface fiims.
Consulting a standard listing of commerciaily available inhib-
itors (10) provided many sources of up-to-date information,
and industry experts were asked for their recommendations
whenever possible.

Eventually, a wide range of poteatial inhibitors were tested.
Details of the chemical composition (where known} and the
sources of the inhibitors are described in the experimental
section. The results of these studies are presented in Table
3. Because the test is refatively inespensive to conduct, many

commercial materials could be investigated in a relatively short
period of time.

The mode of action of the various inhibitors can be studied
using surface sensitive analytical techniques (Dillard et al., a
companion paper in this Record). These studies show that
sodium tetraborate forms a surface film on the rebar. There
is also evidence that borate ion is more mobile than chloride
in concrete (Dillard et al., a companion paper in this Record).
Further studies are planned using the screening test. In par-
ticular, pursuing the inhibiting potential of different borates
would be of interest.

TABLE 3 SUMMARY RESULTS OF INHIBITOR SCREENING TESTS

Inhibitor Exposure (days)  Percent Corrosion
Alox 901 34 4.8
Sodium nitrite 28 5.4
Sodium monofluorophosphate 28 5.4
Aqualox 2268 28 5.6
Sodium tetraborate 28 3.6
Alox 350 34 6.4
Alox 2162 34 6.4
Miramine TOC 34 6.4
Alox 600 34 6.8
Monacor 39 34 12
Sedium nitrate 34 8.0
Sodium silicate (1:3.22, Na,0:5i0,) 34 9.8
Sodinm metasilicate 34 10.0
Sodium carbonate 34 10,0
Alox 502 A 34 102
Witco PA 78B 34 104
Alox 2291 34 10.6
Witco PA 60B 34 10.8
Sodium dihydrogen phosphate 28 12.6
Amine CS-1135 34 i2.8
Alox 319F 34 12.8
Potassium dichromate 34 14.0
Dequest 2010 21 150
Potassium nitrate 34 15.0
Dequest 2000 28 15.0
Monocor BE 34 i54
Calcium borate 34 19.0
Deqguest 2054 21 20.8
Calcium suifate 34 224
Sodium melybdate 33 25.0
Contro} (no inhibitor} 35 26.0

NOTE: Values reported ave the averages of five replicate samples exposed
to chloride-doped pore solution at 60° C for the number of days stated,
The irhibitor concentration was 0.00200 M.
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CONCLUSIONS

A useful, rapid screening technique has been developed to
test the effectiveness of corrosion inhibitors for rebar corro-
sion in steel. Known corrosion inhibitors, recommended for
this use, such as sodium nitrite and sodium MFP, perform
well in the test. These results tend to confirm the utility and
validity of the test,

Under the conditions chosen, a visually estimated corrosion
of greater than 9 percent is sufficient to exclude a particular
inhibitor from further testing. Highly promising corrosion in-
hibitors are those that exhibit less than 7 percent corrosion
under the test conditions. Further studies using the test should
be made,

Many organic commercial inhibitors also perform well, as
do certain borate salts. Tests of the practical efficacy of borate
salts in the treatment of chloride-contaminated bridge decks
where the chloride-contaminated concrete remains in place
are warranted because borate salts are inexpensive. Certain
of the organic corrosion inhibitors may find use in treating
the rebar in situations where bridge deck rehabilitation in-
volves concrete removal and exposure of the rebar,
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