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SUMMARY

An attempt has been made to develop evaluation methods for determining the effectiveness of corrosion-
inhibited deicing salts on rebar corrosion. Electrochemical measurement methods such as galvanic current
measurements and polarization curve measurements have been known to be simple methods to estimate the rebar
corrosion. Galvanic current measurement methods were used in this investigation (i) to accelerate the corrosion
process, and (ii) to estimate the degree of corrosion by measuring corrosion currents and potentials. The
effectiveness of corrosion-inhibited deicing salts on rebar corrosion was determined under three different
concentrations and various environmental conditions.

The galvanic currents and potentials of rebar sarnples were measured in 3, 6 and 20% solutions of six
corrosion-inhibited deicing salts and sodium chloride in concrete-saturated solutions as a function of time by using
the galvanic current measurement method. The rebar samples tested by the galvanic current measurements were
recovered after a 240 day test period, and the effectiveness of the corrosion-inhibited deicing salts on rebar
corrosion was determined by measuring pit depths and area percentages of corrosion on the cross-sectional area
of rebar samples using optical microscopy. The effectiveness varied with the type and the concentration of
corrosion-inhibited deicing salts, and was mostly less than 50%. The results of the pit depth and percentage of
corrosion by optical microscopic observation and those of the currents and potentials by galvanic current
measurements showed reasonable relationship. However, the rust-covered areas on rebar sample surfaces, the
pit depth and the area percentage of corrosion on the cross-sectional area of rebar samples determined by using
optical microscopy were reliable to evaluate the effectiveness of corrosion-inhibited deicing salts on rebar
corrosion in this investigation, and the use of current and potential measurements for this purpose may not be
appropriate at this stage of research. A further investigation is necessary to clarify the relationship for using the
electrochemical measurement methods for estimating rebar corrosion in concrete, and for evaluating the
effectiveness of deicing salts in concrete blocks and/or concrete saturated solutions on rebar corrosion.

The effectiveness of corrosion-inhibited deicing salts on reinforcing steels was determined by using

ii



galvanic cells and optical microscopy under various temperatures and oxygen contents. The various temperatures
and oxygen contents in this investigation were obtained by applying stirring, oxygen-bubbling, high temperature,
freeze-thaw cycle and dry-wet cycle conditions to a simulated concrete solution mixed with 6% corrosion-inhibited
deicing salts. The corrosion of reinforcing steel varied with oxygen content and temperature of the corrosion-
inhibited deicing salt solutions. The reinforcing steels under the freeze-thaw cycle condition showed the least
corrosion, while those under the dry-wet cycle condition the most severe corrosion. It also was found that the
effectiveness varied with the type of corrosion-inhibited deicing salts under various temperatures and dissolved
oxygen contents, and was mostly less than 50%.

Overall, the effectiveness of corrosion-inhibited deicing salts on rebar corrosion varied with type,
concentration and environmental conditions. These variations of deicing salt concentration and environmental
condition are common in field tests, and the corrosion test results from field tests are not always clear. Because
of the unpredictability of weather and deicing salt concentration in concrete, laboratory tests would be
recommended to use to evaluate the effectiveness of corrosion-inhibited deicing salts on rebar corrosion in the
future.

Even though the effectiveness of the corrosion-inhibited deicing salts were determined by using optical
microscopy at this time as mentioned previously, it is still premature to draw any definite conclusions, because
the effects of pH changes and precipitate formations in the corrosion-inhibited deicing salt-mixed concrete
solutions have not been taken into consideration. The reasons for the dramatic decrease in the pH values of
solutions containing some deicing salts are still unclear. If the pH changes degrade the concrete, the effectiveness
of the corrosion-inhibited deicing salts cannot be justified. It is also noted that these corrosion-inhibited deicing
salts generated different amounts of precipitates in concrete-saturated solutions. The effect of deicing salts, pH
and precipitates on the concrete degradation is being investigated to understand the phenomena. It may be
speculated that the formation of precipitates in concrete cracks may act as a barrier to the penetration of salt
solution, thereby acting as an inhibitor. Alternatively, some of the precipitates in micro-cracks and bores of

concrete may exert stresses and propagate the cracks. If certain ions in the corrosion-inhibited deicing salts that
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function as inhibitors are lost by precipitation, the effectiveness of the corrosion-inhibited deicing salts in the field
could drop significantly. A separate project which is in progress (sponsor: MN/DOT) indicates that there are
severe chemical reactions between corrosion-inhibited deicing salts and concrete.

The localized corrosion varied significantly depending on the microstructure and the inclusions, which
were determined by the chemistry of rebars. In order to improve the results of the laboratory and field tests, the
data scattering should be reduced by minimizing the localized corrosion of samples. The initiation sites for the
localized corrosion were found to be MnS inclusions. The effects of the chemical composition of rebar as well
as shape, size and distribution of inclusions on rebar corrosion is being investigated for better understanding

(sponsor: MN/DOT).
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CHAPTER 1. SHRP PROGRAMS AND MN/DOT FIELD TESTS

1. REVIEW OF SHRP PROGRAMS

The concrete cracks resulting from or causing the corrosion of rebar are wide spread and serious. This
is especially true of highway bridge decks and pavements where increased amounts of deicing salts are used. The
cracks or failures of the bridge decks have resulted in economic losses incurred through temporary loss of use,
cost of repairs or the need for premature demolition.

Main factors that influence the initiation and propagation of rebar corrosion in concrete are concrete
properties, aggressive corrosion elements from the environment and concrete, and defects of the rebar material.
The SHRP programs in structure and in highway operation are investigating the relative problems of rebar
corrosion extensively.

The SHRP’s program in highway operation deals with the development of procedures for evaluation of
deicing chemicals and with improving performance and characteristics of sodium chloride as a deicer. SHRP’s
program emphasized development of improved techniques and equipment for condition assessment of concrete
bridges, and for rehabilitation and protection of corroded steels in the concrete bridges. SHRP’s program in

structure includes:

1) Evaluation of the feasibility and cost effectiveness for electrochemical repair and protection
techniques; electrochemical chloride removal, and cathodic protection.

2) Assessment of conventional repair techniques; damaged concrete replacement and chemical

protection.
3) Development of diagnostic tools.

4) Development of a manual for bridge and structures diagnosis and repair system.

SHRP’s contract projects which are related to rebar corrosion in concrete and to deicing chemicals are



summarized in Table I. Under Projects C-101, IDEA-005 and IDEA-008, SHRP is investigating the detection,
monitoring and location of rebar corrosion as well as the corrosion rate measurements of rebars by
electrochemical methods (EIS and AC impedance measurement methods). Also, SHRP is investigating under
Project C-102A and C-102C a method of removal of chloride ions followed by sealing the concrete with an
inhibitor applied under an electric field. Under Project H-205, the effectiveness of the inhibitor is investigated,
but no information on the method is available.

Our proposal is to evaluate the effectiveness of salt additives (inhibitors) by a galvanic current
measurement method along with optical and scanning electron microscopy, and to develop an electrochemical test

method for field evaluation of inhibitor effectiveness.

2. ANALYSIS OF MN/DOT FIELD TEST DATA

A field test to evaluate the effectiveness of corrosion-inhibited deicing salts is being conducted by the
Materials and Research Laboratory of the Minnesota Department of Transportation. Commercial corrosion-
inhibited deicing salts such as Garber and United are being tested on the highway as shown in Figure 1. The
Garber product is being tested on Highway 2 near Duluth and the United product on Highway 14 at Owatonna,
Minnesota. The data of the test period from September 1988 to December 1989 has been collected and
sumnmarized in Table II. A method of statistics, Q-test(1), was used to eliminate the outliers so that the standard
deviation may be minimized.

Table 11 appears to indicate the Garber product shows better inhibitor efficiency than the United product.
The inhibitor efficiency of the Garber product ranged from 7.2% to 32.0%, while that of United product from -

11.2% to 11.0%. However, it may be premature to draw any conclusions because of the large standard

deviation.

X, - X
t=——2 "2 , ®=n,+n, -2
52 52 (1)
1 2
—_—
n, n,

In order to evaluate the difference between treated and untreated data for a given additive to be



Table 1. Summary of SHRP Programs
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Figure 1. Field test site on Highway 2 near Duluth, Minnesota; (a) overview (b) sample arrangement, and ()
samples in drilled holes.




Table II. Summary of Field Test Data

*%

BN

Not included in the calculation of % efficiency averages

% Efficiency =

Awunt.natnd-Awt.rntod % 100

AW

untreatad

Because of the unreasonably large standard deviation, the average values are meaningless.

—
Winter Weight Loss (g) Summer Weight Loss {g) Winter + Summer Weight % Efficiency
Loss (g) Average ***
Additi
ves October 88 - May 89 May 89 - December 89 October 88 - December 89
Grade 40 Grade 60 Grade 40 Grade 60 Grade 40 Grade 60
Treated 0.487 + 0.172]0.885 + 0.062|0.783 + 0.313]1.678 + 0.926| 1.318 + 0.475|2.170 4 0.541 H
Garber Untreated | 0.606 + 0.021|1.097 + 0.236|1.153 4 0.102| 1.808 + 0.163 | 1.477 + 0.216|3.145 4 0.237
% 19.6 19.3 32.1 7.2 10.8 31.0
Efficiency** 20.0 £ 10.2
September 88 - April 89 April 89 - October 89 September 88 - October 8%
Treated 0.570 £ 0.043|1.118 4 0.054|0.693 + 0.178 1.274 4+ 1111 £ 0.129]1.914 4 0,101
0.290*
United '
m Untreated |[0.546 £ 0.063]1.066 4 0.081]0.956 + 0.109 4.029 + 0.999 1 0.0982.150 + 0.307
2.169*
% 4.4 4.9 27.5 68.4* -11.2 11.0 3.6 + 15.7
Efficiency**
e — _— S — 42#




statistically significant, the t-test(2) may be used to detect the differences between the two averages according to
where X’s are the averages, S’s the standard deviations, n's the number of observations and ¢ the degree of
freedom. For the difference between two sets of averages to be statistically significant, the value of t should
exceed certain critical values for each degree of freedom. Probability levels of the two sets of observations being

from the same population may thereby be estimated as follows:

> 10%: not significant
10-5%: possibly significant
51%: significant

< 1%: highly significant

The experimental data presented in Table II were analyzed using the t-test and the results are presented
in Table III. Tt is apparent that most of the differences were statistically insignificant, in other words, the test
data do not support any advantage in using the additives. Only when the difference between the two sets of data
was large enough (or % Efficiency was over 25%), were they shown to be statistically significant. It is
interesting to note that for both the Garber and the United products, the results in summer showed significant
improvements indicating that the acceleration of corrosion can lead to statistically significant results. It is also
noted in the table that high % efficiency alone does not increase the probability level (% Efficiency of 32.1 is
possibly significant, whereas those of 31.0 and 27.5 are significant). It is apparent that the standard deviation
can come into play.

In order for the difference between treated and un-treated data to be statistically significant, the value of
t should be made larger. This may be achieved either by increasing the difference in the averages, or by
decreasing the standard deviations. Standard deviations may be decreased either by improving the test conditions
so that the scattering of data can be minimized, or by increasing the number of observations.

The standard deviations were sometimes more than 50% of the average values. High standard deviations



Statistical Analysis of Field Test Data using t-test for Comparison of Averages.

Table III.
Winter Summer Winter + Summer
Grade 40 Grade 60 Grade 40 Grade 60 Grade 40 Grade 60
t 1.37 1.93 2.27 0.20 0.82 3.03
n, 4 4 4 2 7 3
n, 4 5 5 4 9 9
Garber ¢ 6 7 7 4 14 10
% Probability 20-30 10-20 5-10* >50 40-50 1-5**
Level
t 0.63 1.06 2.53 2.52 1.38 1.46
n, 4 4 4 4 4 4
n, 4 4 4 4 4 4
United o 6 6 6 6 6 6
% Probability >50 30-40 1-5%* 1-5%* 20-30 10-20
Level ‘
—— : — — . —— 1|

Critical values for t

> 10% :not significant
*10-5% :possibly significant
**5-1% :significant

<1% -highly significant




are a serious probiem and possible causes are listed below based on the visit of the field test sites:

1) Sand cover over reinforcing samples was not uniform and substantial portions of many test samples
were exposed to the air, as shown in Figure 1(c).

2) Variations of pH and oxygen potential may exist within a sample hole.

3) Rebar material contains defects.

4)  Application practices of deicing chemicals are not uniform.

These factors may lead the rebar samples to severe localized corrosion, and consequently may lead to large
experimental data scattering.

A report from the United Salt Corporation indicated that if the concentration of the corrosion-inhibited
deicing salts was over 1.0g/L, the corrosion rate increased by about 50% rather than decreased, while the
corrosion rate decreased by 27% and 51% at concentration of 0.36g/1 and 0.65g/L, respectively. In spite of the
low initial concentration of the corrosion-inhibited deicing salts applied on the highway, a high concentration of
corrosion-inhibited deicing salts could result from accumulation. The inhibitor efficiency of the United product
(Table II) varied from -11.2% to 11.0% which indicates that there may be a variation in the concentration of

corrosion-inhibited deicing salt at the field test site.



3. RECOMMENDATIONS FOR FUTURE FIELD TESTS
In order to improve the resulis of the field tests, the test environments and the sample preparation method
should be carefully controlled. A large number of samples also would decrease the standard deviation. The

following suggestions are provided:

1) Sample condition in the field should be the same.

Since the sand coverage over the rebar sample was different, the area directly exposed to the deicing
salts, sun light, air and variation in air temperature might be different, especially during summer. This
will lead to variations in pH, temperature, and contact frequency of the deicing salts with the area

covered by sand. Two methods are suggested to minimize the variations.

(i) A field sample can be made by embedding a rebar sample into a cylindrical concrete block, and then
placed in a drilled hole in the pavement tightly by using either a rubber or a flexible bushing as
shown in Figure 2(a).

(ii) The present field test method can be modified. Drill a hole deeper than the present practice, and
mount a rebar sample with sand, and then cover the top area of the hole with concrete as shown in

Figure 2(b).

2) A method for accelerating the corrosion process of rebar samples in the field test is needed.
The average initial weights of rebar samples were 76.2g and 28.4g for Grade 60 and 40,
respectively. The weight losses during the test period of half and one years ranged from 0.8 ~ 3.2g and
0.4 ~ 1.4g for Grade 60 and 40, respectively, so that the weight change ranged only from 1.2% t0 5.2%
of the original sample weights. The standard deviations were sometimes noted to be larger than the
weight changes. The corrosion process can be accelerated by coupling them with such noble materials

as platinum, graphite, or magnetite, and thereby the standard deviation may be decreased. A method for
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accelerating the corrosion is currently under investigation.

3) Rebar samples need to be free of deformation.
Both ends of the rebar samples were observed to show severe corrosion due to deformation
presumably by the sample preparation process. Both ends should be cut and ground by using the

conventional metallurgical sample preparation procedure(3).

4) Improve sample cleaning method after sample recovery.
The percentage of sample weight change was small, so that the small difference in the degree of
cleaning could lead to quite different results. A combination of mechanical and chemical cleaning

methods is suggested.

5) Increase the number of field test samples.
The F-test suggests that a large number of samples decreases the standard deviation(2). If the test
environment and the sample treatment can not be improved as suggested previously, the number of

samples should be increased.

6) Collect meteorological data.

An electrochemical measurement method for use in the field testing will be developed for
determination of corrosion rates, and the field test data will be correlated with the meteorological data.
Meteorological factors influence the rates of corrosion. By comparing the field test data and

meteorological data, suspicious data from the field testing may be clarified.

11
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CHAPTER II. EFFECTIVENESS OF CORROSION-INHIBITED DEICING SALTS ON REBAR
CORROSION
1. INTRODUCTION

Deicing salts are spread on the roadways to lower the freezing point of snow and ice, and provide
improved driving conditions during the winter months. The most commonly used deicing chemicals are sodium
chloride (rock salt) and calcium chloride. The deleterious effect of deicing salts on reinforcing steel in concrete
is well known(1,2). A number of deicing salts treated with inhibitors and deicing chemical substitutes have been
suggested as replacement for rock salt and calcium chloride.

Corrosion inhibitors in deicing salts frequently show varied effectiveness in preventing or reducing the
corrosion of rebars in concrete due to complex regional environmental conditions. Corrosion results from field
tests may not agree with laboratory results because of the unpredictability of weather, the nature of corrosive
conditions and the manner in which rebars corrode. Thus, the correlation between corrosion resistance and the
use of inhibitor-added or inhibitor-free deicing salts is not always clear. The effectiveness of corrosion-inhibitors
in deicing salts for reducing rebar corrosion depends upon a complex combination of environmental conditions,
concrete properties, and rebar materials (3,4).

The effectiveness of inhibitors can be affected by numerous conditions in the environment and the
materials (5). As with most chemical reactions, the corrosion rates of steel in aqueous solutions increases with
higher temperatures, and thereby the effectiveness of inhibitors can be adversely influenced by increases in
temperature (6). The corrosion of reinforcing steel in concrete is affected by the rate of oxygen diffusion and
the moisture content. The area with high oxygen content can be a cathode and the area with low oxygen content
an anode. Depending on the difference in oxygen concentrations, galvanic corrosion may result. Many inhibitors
are designed to counteract oxygen attack (6). Certain chemical elements in inhibitors are beneficial, or at least
not deleterious to corrosion prevention in a range of temperatures, but can be harmful with changes in

temperature and the concentration of the chemicals.

13



Reinforcing steel in snow belt states like Minnesota, normally experience freeze-thaw cycles, dry-wet
cycles and high (summer) temperatures over a years time. Micro- and macro-cracks in concrete can generate a
difference in oxygen content around reinforcing steels.

An attempt was made to develop evaluation methods for the effectiveness of deicing salts on rebar
corrosion. The effectiveness of six commercial (corrosion-inhibited) deicing salts on rebar corrosion was
evaluated in this investigation by (i) performing galvanic current measurements of rebars under three different
concentrations and under stirred, oxygen-bubbled, high temperature, freeze-thaw cycle and dry-wet cycle
conditions in a simulated concrete solution, (ii) determining rust-covered areas of test samples and (iii) observing
cross-sectional areas of rebars recovered from the galvanic current measurements using optical microscopy. The
pH changes in test solutions were also monitored to compare with the results of the above methods. The corroded

areas of test samples were observed by scanning electron microscopy to explore the cause of corrosion initiation.
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2. EXPERIMENTAL
A galvanic current measurement method was chosen for evaluating the effectiveness of corrosion-inhibited
deicing salts on rebar corrosion because the galvanic current measurement technique is capable of continuous

monitoring of corroded rebars in situ over extended periods of time, and of accelerating corrosion processes.

(1) Rebar Electrode Samples
Grade 60 rebars were used in this investigation, and the chemical composition of the rebars was

determined by spectrographic analysis as follows:

The Grade 60 rebar samples were made into electrodes by attaching an electrical wire to each of 1/4" high steel
pieces with a silver conductive epoxy and by mounting them in an epoxy as shown in Figure 3. After the epoxy
had hardened, the bottom surfaces of the mounted rebars were ground and polished using conventional

metallographic polishing techniques.

2) Galvanic Cells and Galvanic Current Measurements Under Three Different Concentrations

A laboratory galvanic cell was made by dipping two separate rebar electrodes into two separate beakers
containing simulated concrete-saturated solutions and short-circuiting them, where one of them contained different
% of the corrosion-inhibited deicing salts as shown in Figures 4 and 5. The test solutions were prepared using
500 ml of deionized water with 30g of concrete chips of approximately 1/8" in size in a series of 600 ml beakers,
and adding 3, 6 and 20% corrosion-inhibited deicing salts or plain sodium chloride in one set of beakers and none
in the other set. The chemical analysis showed that the concrete-saturated solution represented the concrete

environments. Table 1V shows the chemical composition of solutions containing 6% corrosion-inhibited deicing

15
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Figure 3.  Schematic diagram of Grade 60 rebar-electrode preparation for galvanic current measurements in
a simulated concrete solution.
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Figure 4.  Schematic representation of experimental set-up for galvanic current measurements of rebars in a simulated concrete environment,



Figure 5.  Experimental set-ups for galvanic current measurements of rebars; (a) overview and (b)
measurement arrangement,



Table IV. Chemical composition of solutions containing 6% corrosion-inhibited deicing salts mixed into
simulated concrete-saturated solutions.

Element
Deicing Salt Ca Mg P SO, Cl
A 0.033 0.100 0.102 0.016 3.29
B 0.002 | 0.024 0.173 0.046 0.39
C 0.051 0.064 0.002 0.083 2.89
D 0.017 (0.00005) 0.036 0.044 3.37
E 0.008 (0.00005) 0.011 0.004 3.39
F 0.028 (0.00005) {0.0003) 0.008 3.60
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salts mixed into simulated concrete-saturated solutions. All of the corrosion-inhibited deicing salts mixed
solutions except one and the plain NaCl solutions generated different amounts of white-colored precipitates as
shown in Figure 6. The precipitates settled down to the bottom of the test cells within a couple of hours. In this
investigation, the galvanic current measurements were made after the precipitates were settled to the bottom.
All the measurements were made with an EG & G Model 350A corrosion measurement console. A
saturated calomel electrode (SCE) was used as the reference electrode via a salt bridge containing a saturated

solution of ammonium nitrate.

3 pH

pH changes in the test solutions were monitored throughout the test. The pH of the concrete chip-
saturated solution was 12.5. To compensate for the evaporation loss, the solution levels were held constant by
frequent addition of deionized water. A glass-Ag/AgCl combination pH electrode was used with an Orion Model

399A pH meter. The electrode was calibrated before each measurement.

@) Rust-covered Areas

The rebar samples were recovered from the test solutions after 240 days of galvanic current

measurements, and then examined for the quantitative rust-covered areas.

*) Pit Depth and Degree of Corrosion

The rebar samples recovered from the gaivanic current measurements were examined using an Olympus
Model BHSP optical microscope to determine the pit depth and the degree of corrosion. The recovered rebar
samples were cross-cut, mounted in an epoxy and then polished using conventional metallographic polishing
techniques.

The locally corroded areas on the cross-sectional rebars were extended in length from the U contours of

pits. The length of localized pit with a maximum depth was measured to determine the average pit depth and

20
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Figure 6. Different amounts of precipitates in 6% corrosion-inhibited deicing salts mixed into concrete-
saturated solutions. :
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the degree of corrosion (percentage of corrosion) as shown in Figure 7. The average pit depth and the percentage

of corrosion were calculated by definition as follows:

i

Yu (2)
Average pit depth, pm = “'ln

i

Y, *Ya (3)

Corrosion, percent = “_"‘X_Y_ x 100

where x is individual pit width, y individual maximum pit depth, X total surface width observed, Y depth
assumed as 50 um due to various X values, and n number of pits. The individual pit was assumed as a

rectangular shape with maximum depth and width for degree of percent corrosion.

(6) Galvanic Cells Under Various Environmental Conditions

The effects of stirring, temperature, oxygen concentration, freeze-thaw cycles and dry-wet cycles on
reinforcing steels in corrosion-inhibited deicing salt solutions were determined by using galvanic cells and optical
microscopic observation.

A laboratory galvanic cell was made by dipping two separate rebar electrodes into two separate beakers
containing simulated concrete-saturated solutions and short-circuiting them, where one of them contained 6% of
the corrosion-inhibited deicing salts as shown in Figure 4. The test solutions were prepared using 500 mt of
deionized water with 30g of concrete chips of approximately 1/8" in size in a series of 600 ml beakers, and
adding 6% corrosion-inhibited deicing salts or plain sodium chloride in one set of beakers and none in the other
set.

The reinforcing steel samples removed from the galvanic cells after 120 days were examined using an

Olympus Model BHSP optical microscope to determine the rust-covered area, the pit depth and the degree of

COrrosion.

22
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Controiled: Five out of the six corrosion-inhibited deicing salt solutions generated different amounts of white-
colored precipitates. The precipitates settled to the bottom of the test cells within a few hours. In the controlled

condition, the corrosion tests were made after the precipitates were settled to the bottom.

Stirred: A galvanic cell with a stirring mechanism (Figure 8(a)) was prepared to investigate the effect of the
precipitates on the effectiveness of the corrosion-inhibited deicing salts. A T-shaped pyrex glass stirring bar was

rotated in a beaker continuously at a speed of 15 rpm which was sufficient to agitate the precipitates in the

solution.

Oxygen-bubbled: ~ Corrosion of reinforcing steels in concrete is affected by the rate of oxygen diffusion,
especially through cracks. Oxygen was supplied to the solutions by continuous bubbling (Figure 8(b)) to

investigate its effect on reinforcing steel corrosion under high oxygen concentrations. The bubbling action also

provided agitation of the precipitates.

High Temperature: A typical pavement temperature of bridge decks during summer in Minnesota is 114°F
(45°C). A hot plate was adjusted by a controller and checked by a thermometer to maintain the temperature at
114° + 3° F (45 + 1°C) during the tests as shown in Figure 9(a). A 127mm (1/2 inch) deep bed of sand on
the hot plate provided uniform temperature distribution to all the galvanic cells. At this temperature, hydrogel

replaced the Bacto-Agar in the salt bridge because the Bacto-Agar has a low melting point.

Freeze-Thaw Cycle: The galvanic cells were placed in a temperature controlled freezer. [Initially, the
temperature was set at 1.5°F (-17°C), which is the freezing point of a NaCl solution. Except for the NaCl
solution, 2ll of the corrosion-inhibited deicing salt solutions were frozen at this temperature. Thus, the tests were
performed at 19.5°F (-7°C) freezing temperature, and 35.5°F (2°C) thawing temperature. It took 6 hours to

reach 19.5°F (-7°C) for the test solutions, and 24 hours to 35.5°F (2°C). A cycle was set for 2 days at the
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Figure 8.  Laboratory galvanic cells for rebar corrosion under (a) stirred and (b) oxygen-bubbled conditions.
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Figure 9.  Laboratory galvanic cells for rebar corrosion under (a) high temperature and (b) dry-wet cycle
conditions.
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freezing temperature and 3 days at the thawing temperature. A total of 23 freeze-thaw cycles were performed

on the galvanic celis.

Dry-Wet Cycle:  An important factor in determining the susceptibility of reinforcing steels to corrosion in
concrete is the percentage of time that critical humidity for conductivity is exceeded. The reinforcing steel
samples were removed after 17 dry-wet cycles. A cycle consisted of two reinforcing steel samples dipped in a
solution for 4 days, and air dried for 3 days. Figure 9(b) shows the experimental set-up for rebar corrosion under

dry-wet cycle condition. The average room temperature was about 77°F (25°C) during the tests.

)] Dissolved Oxygen in Solutions
The oxygen content in the 3, 6 and 20% corrosion-inhibited deicing salt solutions under the controlled

conditions were measured using a Lazar model DO-166 dissolved oxygen probe. Also, the oxygen content in

the 6% solutions under stirred and oxygen-bubbled conditions was measured.

(8) Localized Corrosion
Inclusions and microstructure of the rebars were examined using the optical microscope. The rebar
samples were mounted in an epoxy and then polished using conventional metallographic polishing techniques.
At first, inclusions of the samples were examined, and then samples were etched with Vilella’s reagent (5 ml HCI,
1g picric acid and 100 ml ethyl alcohol) for investigating preferential corrosion attack on microstructure.
Galvanic couples of Grade 60 rebars were immersed in a 10% NaCl solution for 2 days, and recovered

to investigate the corrosion initiation sites. The rebar samples which were recovered from the solutions were

examined under a 840 II JEOL scanning electron microscope.
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3. RESULTS
(1) Galvanic Current Measurements under Three Different Concentrations
{a) Galvanic Currents
Galvanic currents of the rebar samples were measured in the 3, 6 and 20% solutions containing six
different corrosion-inhibited deicing salts or sodium chloride as a function of time using the galvanic current
measurement method as shown in Figure 4, and the results are presented in Figure 10. In general, the galvanic
currents measured in all types of solutions increased initially for the first 75 days, and then decreased. Lower
galvanic currents indicate better corrosion resistance of the rebars and better effectiveness of the deicing salts.
The galvanic currents were also measured just before the rebar samples were recovered from the test

solutions. These galvanic currents represent the physical conditions of rebar samples recovered.

3% solutions: Only Deicing Salt D showed lower galvanic current than NaCl.

6% solutions: All of the deicing salts showed lower galvanic currents than NaCl. Deicing Salt D

showed the lowest galvanic current, followed by Deicing Salt B, C, A, E and F.

20% solutions: Deicing Sait A showed the lowest galvanic current, followed by Deicing Salts D, C and

F. Deicing Salts B and E showed higher galvanic current than NaCl.

(b) Potentials

Short-circuited potentials of rebar samples were measured along with the galvanic currents as a function
of time as shown in Figure 11. In general, the potential values except in 20% solutions (Figure 11(c)) decreased
initially for the first 50 days, and then increased. Higher potential values (in the positive direction) indicate less

active surface conditions of the rebar corrosion,

28



‘UOHN|OS
PAIRIMES-910J0U0D € Ul BN PUE S3[es Suidlap paliGIYuI-uoISOLI0d % (7 PUB § ‘g Jopun W} JO UOIHIUN B SB SIBGAJ JO SJUSLIND JUBA[RD ‘(O] 2nd1yg

Aeq fowii] Aeq ‘o] Aeq ‘ouwil]
omm omm omr omr 0s 0 omm omm omF omw 0s 0 omm omm omw omr ﬂm oﬁQo

zW9/yTl ‘JuUaling JIUBA|EL)

EHEE

<OnOOWuL.
CO<dend

%02 () %9 (q) % ()

29




"UOTIN[OS PAIBINILS-2J9I0UO0I B Ul BN PUe SHES SUIOP pellqIjul-uoISO1I0d 9% (7 PUe 9 ‘€ JAPUN Wl JO UORIURY B SE 5IBgal Jo s[enualod [ aandig

Keq ‘owiy Aeq ‘ewi Aeq ‘awny

g2 002 091 00L QS 0 052 002 051 001 0§ 0 0G¢ 002 0S1 00t Q9 0 ;

T T T T R T T T T T I 1 't T 1 Omwoq
-
o
==
D
=
g
L

e —_—

it - - m
w

- 0S¥ 0-

3w =

oo <

—ae

=59 l |

e 80

Yo %02 (9) %9 (q)

30



3% solutions: Deicing Salts A and B showed higher potential than NaCl.

6 and 20% solutions: Deicing Salts B, C and F showed higher potentials than NaCl. Deicing Salt B

showed the highest potential, followed by Deicing Salts C and F.

(2) Rust-covered areas Under Three Different Concentrations
The rust-covered rebar samples were recovered from the galvanic current measurements after test periods

of 240 days and are shown in Figure 12. The rust-covered areas of samples varied with the types and the

concentrations of deicing salts.

3% solutions: Deicing Salts C, D, E and F showed smaller rust-covered area than NaCl. Deicing Salt

D was the smallest, followed by F, E and C.

6% solutions: Deicing Salts A, B and F showed smaller rust-covered areas than NaCl. Deicing Salt B

was the smallest, followed by A and F.
20% solutions: Only Deicing Salt B showed a smaller rust-covered area than NaCl.

The rust-covered areas of samples in solutions containing Deicing Salt B and NaCl decreased as the
amounts of deicing salts were increased, while with those of Deicing Salts C, D, E and F, the rust-covered areas
of samples increased as the amounts of deicing salts were increased. The rust-covered areas of samples in the
solutions containing Deicing Salt A were decreased initially, then remained constant as the amounts of deicing

salts were increased.
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Figure 12. Rust-covered areas of the rebar samples tested by the galvanic current measurements under different
concentrations of the corrosion-inhibited deicing salts.
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3) Pit Depth Under Three Different Concentrations
The pits of the rebar samples recovered from the galvanic current measurements were observed under
an optical microscope. Figure 13 shows the cross-sections of rebar samples tested at 3, 6 and 20% concentrations

of the corrosion-inhibited deicing salts or NaCl. The pit depths also varied with the types and the concentrations

of deicing salts.

3% solutions: Only Deicing Salts D and F showed smaller pit depths than NaCl. Deicing Salt D was

the smallest.

6% solutions: Deicing Salts A, B, C and E showed smaller pit depths than NaCl. Deicing Salt E was

the smallest, followed by A, B and C.
20% solutions: No Deicing Salt showed smaller pit depths than NaCl.

“@ Degree of Corrosion Under Three Different Concentrations

The degrees of corrosion were determined by measuring the areas of pits on the cross-sectional rebar
samples using Equation (3) as shown in Figure 14. The samples showed the maximum corrosion at 6% solutions
containing NaCl and Deicing Salts C, D and F. The presence of Deicing salts A and B in solutions decreased
the corrosion as the amount of deicing salts \a;ere increased. The addition of Deicing Salt E decreased the

corrosion initially, but increased as the amounts of deicing salts were increased.

3% solutions: Deicing Salts C, D and F showed less % corrosion than NaCl. Deicing Salt F was the

least followed by Deicing Salts C and D.
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6% solutions: Deicing Salts A, B, C and E showed less % corrosion than NaCl. Deicing Salt E was

the least followed by Deicing Salts A, B and C.

20% solutions: Only Deicing Salt A showed less % corrosion than NaCl.

* Rust-Covered Areas Under Various Environmental Conditions

The rust-covered samples were removed from the galvanic cells after a test period of 120 days, and are
shown in Figure 15. The extent of the rust-covered areas of the samples varied with the types of deicing salts
and test conditions. Under controlled conditions, Deicing Salts A and B showed smaller rust-covered areas than
NaCl. Only Deicing Salt B showed some non-rusted-areas under the stirred, oxygen-bubbled and dry-wet cycle
conditions. No deicing salt showed a smaller rust-covered area than NaCl under the high temperature condition.

Deicing Salts A, B, C and D showed larger rust-covered areas than NaCl under the freeze-thaw cycle condition.

(6) Pits Under Various Environmental Conditions

The samples used to determins-the rust-covered areas were cut across, and evaluated to determine the pit
morphology under an optical microscope. Figure 16 shows the cross-sections of the samples tested in the 6%
concentration solutions of the corrosion-inhibited deicing salts or NaCl under the controlled, stirred, oxygen-
bubbled, high temperature, freeze-thaw cycle and dry-wet cycle conditions. Only Deicing Salts A and B showed
shallower pits than NaCl under the controlled, stirred and oxygen-bubbled conditions. Under the high
temperature condition, only Deicing Salt E showed shallower pits than NaCl. Deicing Salt A showed deeper pits
than NaCl under the freeze-thaw cycle condition. Under the dry-wet cycle condition, Deicing Salts B, E and F
showed shallower pits than NaCl. In general, the pit depths ranged from 10 to 350 um and increased in order

of the freeze-thaw cycle, controlled, stirred, oxygen-bubbled, high temperature and dry-wet cycle conditions.
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(N Degree of Corrosion under Various Environmental Conditions

The degree of corrosion was determined by measuring the areas of the pits on the cross-sectional samples
shown in Figure 17. The degree of corrosion varied with the test conditions and the type of deicing salts. The
maximum corrosion of the samples occurred under the dry-wet cycle and high temperature conditions, while the
least corrosion was under the freeze-thaw cycles.

Deicing Salt A showed less than 10% corrosion under freeze-thaw cycle, controlied, stirred, oxygen-
bubbled and high temperature conditions, but the corrosion increased more than 300% under the dry-wet cycles.
The corrosion of Deicing Salts B and D was the highest under the high temperature conditions, while the
corrosion under other conditions was less than 10%. Deicing Salt C showed the highest corrosion under the
stirred condition, while Deicing Salt E under the oxygen-bubbled condition. Deicing Salt F under the controtled

condition showed the highest corrosion about 15%, and less than 15% under the rest of the conditions.

8) Dissolved Oxygen in Corrosion-Inhibited Deicing Salt Solutions

Dissolved oxygen concentrations in the concrete-saturated solutions mixed with 3, 6 and 20% corrosion-
inhibited deicing salts and NaCl was measured, and the results are shown in Figure [8. The dissolved oxygen
decreased from 4 to 2.5 ppm with increasing concentrations of NaCl. By increasing the concentration of
corrosion-inhibited deicing salts in the concrete saturated solutions, the dissolved oxygen concentration was, in
general, lower than in the NaCl solutions. Deicing Salt C showed the lowest dissolved oxygen in the solutions,

while Deicing Salt B the highest dissolved oxygen. It appears that the corrosion inhibitors in the deicing salts

decreased the dissolved oxygen relative to NaCl.

The dissolved oxygen content in the 6% solution testing changed under the stirred and oxygen-bubbled
conditions. Table V shows the dissolved oxygen content in the solutions under the controlled, stirred and oxygen-
bubbled conditions. The dissolved oxygen was 3 ~4 ppm under the controlled conditions, ~6 ppm under the

stirred conditions and 9~ 13 ppm under the oxygen-bubbled conditions.
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Table V. Dissolved oxygen content in concrete-saturated solutions containing 6% corrosion-inhibited deicing
salts under controlled, stirred and oxygen-bubbled conditions.

Dissolved Oxygen, ppm
Deicing
Salt Controlled Stirred Oxygen-bubbled
A 3.1 6.9 11.2
B 4.2 6.8 12.4
C 3.4 6.0 - 9.4
D 4.1 6.6 12.2
E 39 6.2 11.2
F 3.8 6.1 12.0
NaCl 4.0 6.2 13.0
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(9) Initiation of Localized Corrosion of Rebars

Deformed and defect surfaces of rebar could be the corrosion initiation sites even under very low chloride
ion concentration because of their thermodynamic instabilities. Galvanic interaction between corroding and non-
corroding areas accelerates the localized corrosion at the surface of rebars. The localized corrosion varies
significantly depending on microstructure and inclusions, which are determined by the chemistry of the rebar.

Figure 19 shows the surfaces of rebar samples which were recovered from a 10% NaCl solution after
2 days of immersion. Figure 19(a)-(c) shows a cross-section of the rebar and Figure 19(d) shows a surface cut
in the longitudinal direction. Figure 19 clearly indicated that the corrosion initiated around the inclusions.
Inclusions are usually corrosion initiation sites because the interface between inclusion and matrix is very unstable
thermodynamically. Figures 20 and 21 show the element x-ray maps of the inclusions in Figure 19. The element
x-ray maps indicated that the inclusions consisted mainly of S and Mn.

Numerous inclusions were found in Grade 60 and Grade 40 rebars as shown in Figure 22. Grade 60
rebars contained larger sized and a lower number of inclusions than Grade 40 rebars. The cooling process during
rebar production determines the growth rate of inclusions. Generally, the shape of inclusion was irregular and
elongated.

The microstructure of the rebar was pearlite with a network of grain-boundary ferrite and bainite.
Generally, ferrite structure shows better corrosion resistance than pearlite and bainite structures. The difference
in microstructure and grain size created the micro-galvanic cells and accelerated the localized rebar corrosion.
Figure 23 shows the preferential corrosion attacks on large grain-size structured areas (a and b) and on the
pearlite structures (c and d). Severe localized corrosion was also found around blocky- or segregated-ferrite

structures as shown in Figure 24. The reason for unusual blocky- and segregated- ferrite formations is not

understood at this time.

(10)  pH Changes in Corrosion-Inhibited Deicing Salt Solutions

pH changes were monitored because the pH may affect both rebar corrosion and concrete degradation.
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Figure 21. Element x-ray maps of inclusion in the longitudinal-section of rebar; (a) back-scattered electron
image, (b} S x-ray map, (¢) Mn x-ray map, and (d) Si x-ray map, and (e) Fe x-ray map.



Figure 22. Inclusions of Grade 60 and Grade 40 rebars; (2) and (b) cross-sections of rebar, {¢) and (d)
longitudinal sections of rebars.
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Figure 23. Effect of grain size and microstructure of rebars on localized corrosion; more severe corrosion
(a) around large grain structure than small grain, and (b-d) at pearlite structure than at ferrite
structure.
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Figure 24, Effect of non-uniform microstructure of rebar on localized corrosion; severe localized corrosion
around (a-c) segregated-, and (d) blocky-ferrite structures.
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The initial pH of the concrete-saturated solution before mixing the deicing salts was 12.5, but the pH decreased
dramatically with the addition of some of the deicing salts to the concrete-saturated solutions and the pH also
deceased gradually as a function of time, as shown in Figure 25. At the cathodes, O, reduction takes place and
the pH at the rebar surface increases according to 1/20, + H,0 +2¢ = 20H. H"' can be generated at the
anode surfaces according to electrochemical reactions, even though the main reaction is Fe = Fe** + 2e¢. If

H* concentration increases at the anodes, the pH decreases.

3% solutions: The initial pH values of the NaCl solutions were about 12.3 and decreased to 9.5 over
a period of 100 days. The pH values of Deicing Salt E solutions were higher than those
of NaCl. The pH values of Deicing Salt B solutions showed the largest change (12.3 to

8.0 pH) from the initial pH of the concrete-saturated solution.

6% solutions: The pH values of all the corrosion-inhibited deicing salts were lower than those of NaCl.

Deicing Salt F solutions showed the lowest pH, then followed by Deicing Salts B, A, D,

C and F solutions.

20% solutions: The pH values of all the corrosion-inhibited deicing salts, except Deicing Salt E, were
lower than those of NaCl. The pH of Deicing Salt C was the lowest, then followed by
Deicing Salts A, B, D and F. The reasons for the low pH values in 20% NaCl solutions

are not understood yet, and further investigation is necessary.
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4. DISCUSSION

1 Effectiveness of Corrosion-Inhibited Deicing Salts Under Three Different Concentrations Determined
by Optical Microscopic Observation

The effectiveness of corrosion-inhibited deicing salts relative to NaCl on the rebar corrosion and the pit

depth was calculated by the following definitions:

Dyucy = PD
TE ;p p =" _P“;fnl—*‘* x 100 (4)
NaCl
CORycy -
XE oz a = ’(";gfl{ %R x 100 (5)
NaCl

where %E , and %E,,, , are effectivenesses of Deicing Salt A on the pit depth and rebar corrosion, respectively,
and PD,,, average pit depth of NaCl, PD, average pit depth of Deicing Salt A, CORy,; % corrosion of NaCl,
and COR, % corrosion of Deicing Salt A under various concentration. Figure 26 shows that the effectiveness
of deicing salts on the pit depth and the degree of corrosion was mostly less than 50%. The negative signs
indicate their effectiveness is inferior to NaCl. The negative effectiveness >-300% was reached in 20% Deicing
Salt F.

The degree of effectiveness of corrosion-inhibited deicing salts relative to NaCl varied with the type and
concentration of the deicing salts. Corrosion rates will be influenced not only by the concentration of deicing
salts, but also by the amount of dissolved oxygen. Some deicing salts may release more aggressive ions than
others and also affect the solution pH, while the dissolved O, will decrease at higher concentrations of dissolved
salts. It follows that an increase in the concentration of deicing salts may increase corrosion to maximum at a
certain concentration and then decrease due to the decrease in dissolved O, concentration in the solution. In
addition, the concentration of the deicing salts and dissolved O, reaching the rebar surface may be affected by
the conditions of concrete such as cracks and porosity, and by accumulation of the deicing salts in congcrete.

HPO,> jons were found to be effective in inhibiting pitting on carbon steel (7). The pitting potential shifted to
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more noble values in the presence of HPO,”. Table IV and Figures 12 and 13 show that Deicing Salts A and

B containing high percentages of P was more effective in preventing on rebar corrosion.

2) Comparison of Galvanic Current Measurements with Optical Microscopic Studies

Electrochemical measurement methods such as galvanic current measurements and polarization curve
measurements are known to be simple methods for estimating the rebar corrosion. In Figures 27 and 28, pit
depths and percentages of corrosion estimated by optical microscopy, may be correlated reasonably well with
those of the currents and potentials determined by the galvanic current measurements, but the rust-covered areas
of rebar samples could not be correlated with the potential and current values. This is because the amount of iron
hydroxide precipitates may be correlated with the total amount of electricity passed (determined by integrating
the galvanic currents with respect to time), but the rust-covered areas represent only a part of the precipitates
formed.

The galvanic currents are influenced by the surface conditions of the rebars such as rust-covered areas,
inclusions, strains, etc, and the properties of the salt solutions such as salt concentrations, pH, temperature, etc,
and, therefore, the galvanic currents change with time. The degree of corrosion may then be correlated better
with the cumulative amount of electricity passed, obtained by integrating the current with respect to time, than
with the instantaneous galvanic current. Also, the corrosion reaction rate may be controlled by mass transport
rather than by electron transfer as the corrosion product accumulates on sample surface as layers (8).

Even though the results of electrochemical measurements showed the trends as shown in Figures 27 and
28, the use of currents and potentials for determining the effectiveness of corrosion-inhibited deicing salts on
rebar corrosion may not be proper at this stage of research. The rust-covered areas on rebar sample surfaces,
the pit depths and the area of percentages of corrosion on the cross-sectional rebar samples determined by optical

microscopy were reliable for evaluation of the effectiveness of corrosion-inhibited deicing salts on rebar

corrosion.
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()] Rust on Rebar Sample Surface

The occurrence of various oxide species is dependent on pH, oxygen availability, various corrosive
chemical elements in the solutions and the composition of the steel. However, oxygen availability determines
the nature and layering of the end-products. The actual nature of the oxide rust is important because FeQ and
FeOOH seem to be more adherent than Fe,O, and Fe,O;, and, therefore, more likely to slow the corrosive attack,
but the higher oxides and oxy-hydroxides are more prone to spall (9).

From the thermodynamic consideration using the Pourbaix diagram (10), the following oxidation reactions

can be given for steel embedded in concrete with its pH ranging from 10 to 13.

Fe+ 20H" — Fe(OH), + 2e (6)
3Fe(OH), + 20H- —» Fe,0, + 4H,0 + 2¢ %)
3Fe,0, + 20H — 3Fe,0, + H,0 + 2¢ (8)

In the absence of oxygen, the thermodynamically favored corrosion product is Fe,O,.

The two possible cathodic reactions are:

JH* + 2¢ - H, ©)

140, + H,0 + 2¢ — 2(OH) (10)

The mechanism of corrosion is primarily governed by the chemical environment prevailing at the
interface, influenced by the ionic species from the corrosion-inhibited deicing salts. Typical rust in this
investigation has two different colors, i.e., black and yellow. Figure 12 showed that the amount of black and
yellow rusts varied depending on the type of deicing salts. An x-ray diffraction analysis of the rusts indicated
that the black-colored rust consisted of Fe,0,, Fe,O, and MgO-Fe,Q,, and the yellow-colored rust of Fe,O, and

FeOOH.
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(4) Rust and Potential

The potential readings represent mixed potentials which are governed by the chemistry of the rust and
the area ratio of the areas of the rust-covered to non-rust-covered surfaces. The chemistry and structures of the
rust were a function of the potential and history of the sample, and the chemistry of the solution. Figure 28(a)
shows that the potential appeared to increase as the amount of rust (or degree of corrosion) increased.

The polished- and rusted- samples of a mild steel were used to measure the rest potentials as a function
of time in the chemical conversion treatment in a 0.1 M Na,MoQ,-H,PO, solution at 25°C when 0.1M NaNO,
was added (11), The electrode potential of the rusted-steel in the solution at pH from 1 to 6 was different from
and generally more noble than, that of the polished-steel because of the presence of rust on its surface. Samples
of bright mild steel and bright mild steel with 0.9g of rust on the surface were tested for corrosion rates under
various humidity conditions, and the weight losses of the steels were higher in the samples covered with rust than
in bright mild steel (12). It was influenced by the rust on it and by the dissolution potential of steel which is
considered to be a hybrid potential of Fe**/Fe and FeOOH/Fe?*. For a given pH, the potential of FeOOH/Fe?**

is more noble than that of Fe?*/Fe.

5) Precipitates and pH

Even though the effectiveness of the corrosion-inhibited deicing salts were determined by using optical
microscopy as mentioned previously, it is still premature to draw any definite conclusions, because the effect of
pH changes and precipitate formation in the corrosion-inhibited deicing salt-mixed concrete solutions has not been
taken into consideration.

pH changes wefe monitored because the pH may affect both rebar corrosion and concrete degradation
(13). The initial pH of concrete-saturated solution before mixing the deicing salts was 12.5, but the pH decreased
dramatically with the addition of some of the deicing salts into the concrete-saturated solutions. The reasons for
the dramatic decrease (from 12.5 to 8) in the pH value of solutions containing some deicing salts are still unclear.

If the low pH degrades the concrete, the effectiveness of the additives cannot be justified. Its use ,as the pH
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changes, may cause the degradation of concrete properties such as bonding strength, and then create or propagate
concrete cracks over a period of time.

The relationship between pH and rust-covered area, pH and degree of corrosion as well as pH and
penetration depth are shown in Figure 29 In general, higher pH led to lower degree of corrosion and penetration
depth, even though a relationship was not found between pH and the rust-covered area.

An investigation is being performed to determine the effect of pH changes on rebar corrosion in concrete
and concrete degradation (sponsor: Mn/DOT). The pH change may cause the degradation of concrete properties
such as bonding strength, and then create or propagate concrete cracks over a period of time.

It is also noted that the corrosion-inhibited deicing salts generate different amounts of precipitates in a
concrete-saturated solution. The reason for the pH changes may be due to the precipitation of corrosion-inhibited
deicing salts. An increase in the concentration of corrosion-inhibited deicing salts increased the amount of
precipitates. The precipitates are suspected to be CaSO,2H,0 and/or Mg(OH),. Similar phenomena were
reported by Locke and Boren (14) that the deicing salt CMA (Calcium Magnesium and Acetate) changed the
chemical composition of the pore solution. This resulted in a lowered pH and forced the precipitation of the
hydroxyl ion with the additional calcium and magnesium ions added with the CMA.

A more detailed analysis on the nature of precipitates becomes of interest in establishing Lh;a roles played
by each corrosion-inhibited deicing salt. It may be speculated that the formation of precipitates in concrete cracks
may act as a barrier to the penetration of salt solutions, thereby acting as an inhibitor. Alternatively, some of
the precipitates in micro-cracks and pores of concrete may exert stresses and propagate the cracks. If certain ions
in the additives that function as inhibitors are lost by precipitation, the effectiveness of the corrosion-inhibited

deicing salts in the field may drop significantly.

6) Effectiveness of Corrosion-Inhibited Deicing Salts Under Various Environmental Conditions
Many laboratory test results show that inhibitors produced a substantial reduction in corrosion, but field

test results were less conclusive, The results of this investigation suggest that the corrosion results from field
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exposure were inconclusive because of the unpredictability of the weather and the nature of the corrosion
conditions, the concrete micro- or macro-cracks and the corrosion inhibitors.

The effectiveness of corrosion-inhibited deicing salts was determined under the controlled, stirred,
oxygen-bubbied, high temperature, freeze-thaw cycle and dry-wet cycle conditions in simulated concrete-saturated
solutions at a 6% by weight concentration, using galvanic cells and optical microscopic observation (Figure 11).
The effectiveness of the corrosion-inhibited deicing salts relative to NaCl on reinforcing steel corrosion was

calculated by the following formula;

2, = et~ Ta 100 (11)
HaCl

where %E, is overall effectiveness of Deicing Salt A, Iy, % corrosion of NaCl, and I, average % corrosion of
Deicing Salt A under the controlled, stirred, oxygen-bubbled, high temperature, freeze-thaw cycle and dry-wet
cycle conditions. Figure 30 shows the overall effectiveness of the corrosion-inhibited deicing salts under six
different conditions at a 6% concentration. All of the deicing salts except Deicing Salt D, were shown to be
éffective, but the effectiveness was mostly less than 50%. In a previous investigation, the degree of effectiveness
of corrosion-inhibited deicing salts relative to NaCl varied with the type and the concentration of the corrosion-
inhibited deicing salts. Corrosion rates were influenced not only by the concentration of deicing salts, but also
by the test conditions. In this investigation the temperatures and the dissolved oxygen contents in the test
solutions were varied.

Possible mechanisms of corrosion inhibition may involve as (i) interaction of a chemical substance with
the outer surface of the interface, (ii) changing the chemical nature of the interface, or (iii) the formation of a
new interface (15). However, inhibition action may be lost in the presence of so-called aggressive ions when they
are above a certain concentration (16). Once corrosion is initiated, deliquescent corrosion products may aggravate

local attack. A certain critical concentration of inhibitors are required in the aqueous environment, and the
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critical concentration depends on the nature of the inhibitor and the chemical composition of the concrete (17).
Factors affecting the behavior of corrosion inhibitors in deicing salt solutions could be the type of chemical

element, temperature and oxygen content in the system.

N Effect of Temperature on Inhibitors

The temperature factor is always important because the kinetics of chemical reactions are dependent on
temperature. The temperatures of the freeze-thaw cycles, controlled and high temperature conditions were 19.5°F
(-7°C), 77°F (25°C) and 114°F (45°C), respectively. Figure 31 shows the effect of temperature on the degree
of corrosion. The corrosion of Deicing Salts B, C and D increased with increasing temperature. Deicing Salts
E and F as well as NaCl showed maximum corrosion at 77°F (25°C), and then decreased. Deicing Salt A
showed an increase in corrosion up to 77°F (25°C), and then remained constant beyond. Decrease in corrosion
above 77 F(25°C) was related to a decrease in oxygen solubility in solutions as the temperature was raised (18),
and this effect eventually overshadowed the accelerating effect of temperature on corrosion alone (19). In a

closed system, oxygen cannot escape and the corrosion is expected to increase with temperature until all the

oxygen is consumed.

(8 Effect of O, on Inhibitors

Steels can be protected from corrosion in a neutral aqueous solution by increasing the supply of oxygen
to the metal surface. This is due to a shift in the balance between dissolution of the film by aggressive ions and
repair by incorporating oxide ions (20). Elements in this balance include (i) the action of adsorbed aggressive
anions,re.g. chloride or sulfate in the case of mild steel, in solubilizing the oxide film at adsorption sites, (ii)
adsorption of inhibitor anions that block adsorption sites, and (iii) incorporation of oxygen into the film, This

last process will thicken the film and repair the damage. The contribution of dissolved oxygen to the film growth

process becomes more important and essential.
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Some deicing salts may release more aggressive ions than others, and also affect the solution pH, while
the dissolved oxygen decreases at high concentrations of dissolved salts (21). Under the controlled condition,
the dissolved oxygen content decreased from 4.5 to 1.5 ppm as the amount of deicing salts in the concrete-
saturated solution increased from 3 to 20%. In addition, the concentration of the deicing salts and the dissolved
O, reaching the reinforcing steel surface may be affected by the properties of concrete. Since the diffusion rate
for chemical reactions at steady state is proportional to oxygen concentration, the corrosion rate of reinforcing
steel is proportional to oxygen concentration up to ~5 ppm as shown in Figure 32. In the absence of dissolved
oxygen, the corrosion rate at room temperature is expected to be negligible for reinforcing steels in concrete.

Different oxygen contents in the 6% solutions could be obtained by stirring motion, oxygen bubbling and
the controlled condition in the test solutions. Figure 33 shows the effect of dissolved oxygen at higher
concentrations on the degree of corrosion. An increase in the oxygen concentration above ~5 ppm may increase
corrosion to maximum at a certain concentration and then decrease due to the increase in excess O, in the
solution. The decrease of the corrosion rate might have been caused by passivation of reinforcing steel by
oxygen. Apparently, at higher oxygen concentrations, more oxygen reached the metal surface than could be
reduced by the corrosion reaction, and the excess oxygen, therefore, was available to form a passive film. The
excess oxygen either oxidized the ferrous oxide film to more protective oxides as a diffusion barrier, or was
available to chemisorb on the steel surface forming an adsorbed passive film (22). Only Deicing Salts D and E
showed an increase in corrosion with increased oxygen content. The increases in corrosion of Deicing Salts D
and E with increased oxygen contents suggests that other factors such as temperature and certain chemical
elements in addition to the amount of oxygen in the solution played an important role. The dry-wet c¢ycle could
provide a saturated oxygen on the surfaces of the samples, and the most severe corrosion was found on the

samples under the dry-wet cycle conditions in this investigation.
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5. CONCLUSIONS

1)

2)

3

4)

3)

6)

7

8)

9

10)

A test method was developed to determine the relative effectiveness of corrosion-inhibited deicing salts

under various concentrations and environmental conditions within half a year.

" There was an optimum concentration of the corrosion-inhibited deicing salts to be effective on the rebar

corrosion.

The effectiveness under three different concentrations on rebar corrosion varied with type of corrosion-
inhibited deicing salts, and was mostly less than 50%.

The effectiveness varied with the type of corrosion-inhibited deicing salts under various temperatures and
dissolved oxygen contents, and was mostly less than 50%.

The results of optical microscopic studies correlated reasonably well with those of the galvanic current
measurements,

The corrosion-inh'ibited deicing salts changed the values of the pH in concrete-saturated solutions.
Chemical reactions between a concrete-saturated solution and corrosion-inhibited deicing salts produced
precipitates.

Corrosion of reinforcing steel in corrosion-inhibited deicing salt solutions varied with oxygen content and
temperature.

Oxygen contents in concrete-saturated solutions under the controlled condition decreased as the amount of
corrosion-inhibited deicing salts and NaCl increased.

Reinforcing samples under the freeze-thaw cycle condition showed the least corrosion, while those under

the dry-wet cycle condition the most severe corrosion.
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7. RECOMMENDATIONS

The effectiveness of corrosion-inhibited deicing salts on rebar corrosion was determined by galvanic current
measurements and optical microscopic observation in this investigation. The galvanic couple methods were simple
and reliable, and could accelerate the rebar corrosion process. However, the effectiveness could be determined
only by the optical microscopic observation because of large data scattering and lack of good relationship between
the results of galvanic current measurements and those of optical microscopic observation. Thus, further studies

are recommended as follows;

(1) Specification of rebar samples for corrosion tests.

A high standard deviation in the data was found, and the reasons are suspected to be metallurgically non-
uniform rebar samples. Various rebar chemical composition and arnounts of material defects (inclusions) were
found in the tested rebar samples. The samples for field testing had a variation in sample surface because of mill
scale. The mill scale can cover the rebar surface locally, and/or attach on the surface either loose or tight. The
specifications for rebar chemistry and sample preparation as well as a large number of samples are needed to

minimize the large standard deviation of laboratory and field tests.

(2) Evaluation of effectiveness under various environmental conditions and different concentrations of
corrosion-inhibited deicing salts.

The tests were performed in 3, 6 and 20% corrosion-inhibited deicing salt solutions in this investigation.
Concrete without cracks may contain less than 3% corrosion-inhibited deicing salts, so the corrosion tests for
rebar corrosion should be performed below 3% corrosion-inhibited deicing salts like 0.01, 0.1, 0.5, 1, 1.5 2 and
2,5%. Also, the evaluation of corrosion-inhibited deicing salts under various environmental conditions were
performed only in 6% corrosion-inhibited deicing salt solutions. It is recommended that 3 and 20% corrosion-

inhibited deicing salts be tested to complete the investigation.
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(3) Evaluation of freezing temperature of corrosion-inhibited deicing salts.

Selecting a corrosion-inhibited deicing salts for snow and ice control should consider (i) effectiveness on
deicing and rebar corrosion, (ii) side effects on concrete degradation, and (iii) economic impact. The freezing
temperature of corrosion-inhibited deicing salts were very high with respect to plain sodium chloride during the

tests of freeze-thaw cycles in this study, so the freezing temperature should be determined to be effective as a

deicer.

(4) Completion of electrochemical methods for evaluation of corrosion-inhibited deicing salts.

The main objective of the project was to develop an electrochemical measurement method for evaluating
corrosion-inhibited deicing salts, because the electrochemical methods were expected to evaluate the effectiveness
quickly. This study found that there was a reasonable relationship between the results of the galvanic current
measurements and those of the optical microscopic observations. Further investigation is necessary to define the

relationship between those two different measurements, so that the electrochemical measurement developed can

be applied to field testing.

(5) Determination of the effects of corrosion-inhibited deicing salts on concrete degradation.

The use of corrosion-inhibited deicing salts on highways was supposed to reduce or prevent rebar corrosion,
and not harm the concrete. However, an indication was found in this investigation that there are severe chemical
reaction between the corrosion-inhibited deicing salts and concrete, and the corrosion-inhibited deicing salts
decrease the pH of concrete. Thus, the effect of corrosion-inhibited deicing salts on concrete degradation and

the effect of the chemical reactions on effectiveness of corrosion-inhibited deicing salts on rebar corrosion must

be determined.
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Product Identification

for information regarding specific product identification contact:

H. J. (Hank) Gillis

Research Project Supervisor
Materials Research and Engineering
1400 Gervais Ave.

Maplewood, MN 55109

(612) 779-5532
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