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Corrosion Resistance of Cr-Bearing Rebar to Macrocell
Corrosion Environment Induced by Localized Carbonation
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Abstract: Artificial cracks were made in the cover concrete of specimens embedding ten types of steel rebars of different Cr
contents. The research aims for developing Cr-bearing steel rebars resistant to macrocell corrosion environments induced by
cracking in cover concrete. The cracks were subjected to intensive penetration of carbon dioxide (carbonation specimens) to form
macrocells. The carbonation specimens were then treated with accelerated corrosion curing, during which current macrocell

corrosion density was measured. The corrosion area and loss from corrosion were also measured at the end of 105 cycles of this
accelerated curing. The results of the study showed that Cr-bearing steel with Cr content of 5% or more suppressed corrosion in a
macrocell corrosion environment induced by the differences in the pH values due to carbonation of cracked parts. Cr-bearing steels
with Cr content of 7% or more are proven to possess excellent corrosion resistance.
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1. Introduction

When cracked for any reason, concrete surfaces become vulner-
able to penetration by corrosion factors, such as carbon dioxide,
chloride ions, oxygen, and moisture. When these factors exceed
the corrosion threshold of a pH value of 12.5, reinforcement corro-
sion begins to develop. Generally, the seepage of corrosion factors
through the passage of cracking in concrete surfaces is signifi-
cantly faster than that through sound surfaces,” causing macro-
scopic heterogeneity of the reinforced concrete cover, thereby
inducing macrocell corrosion of the reinforcement. Macrocell cor-
rosion refers to concentrated corrosion that occurs when concrete
or reinforcement surfaces become heterogeneous, forming anodic
and cathodic areas. Investigation against macrocell corrosion is
crucial for the evaluation of the durability of reinforced concrete,
as macrocell corrosion proceeds more rapidly than microcell cor-
rosion and tends to go deeper into a small area. For this reason, a
large number of studies have conventionally been conducted
regarding the reinforcement corrosion induced by cracking of the
cover concrete.”® For this reason, many studies have been carried
out to find out the best method for preventing corrosion in rein-
forcing bars. However, most of these researches have been dispro-
portionately concentrated on the improvement of concrete quality,
eg. increase in concrete cover thickness, optimization of water-to-
cement ratio or the addition of corrosion resistant materials. In
America and Europe, epoxy-coated rebars”® and stainless steel
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rebars”'! with high corrosion resistance have already been applied

to many concrete structures. Nevertheless, epoxy-coated rebars
have certain drawbacks. They cause losses in the bond strength
with concrete and are prone to bending, damage during transporta-
tion and fabrication, thereby being rendered vulnerable to macro-
cell corrosion. On the other hand, stainless steel rebars have
excellent properties as corrosion resistant rebars, but their higher
cost prevents from being used widely. With this as a background,
the author has reported the corrosion-inhibiting properties of Cr-
bearing reinforcing bars in concrete under a microcell corrosion
environment in a previous paper12 with the aim for developing Cr-
bearing rebars that have lower alloy element content (chromium,
nickel, molybdenum, etc.) than general stainless steel. The pro-
posed Cr-bearing rebars would be corrosion-resistant while being
producible with the same process flow as normal steel.

This paper reports on a study on the corrosion-inhibiting properties
of Cr-bearing rebars under a macrocell corrosion environment
induced by cracking in cover concrete. It is a part of the research and
development effort for Cr-bearing rebars, which have the corrosion-
inhibiting properties. This property is required in specific corrosion
enviroments, to which reinforced concrete structures are often
exposed. Accordingly, reinforced concrete specimens were fabri-
cated with artificial cracks in the cover concrete. These specimens
were then subjected to intensive penetration of carbon dioxide
through such cracks to induce macrocell corrosion (hereafter referred
to as carbonation specimens). Accelerated corrosion testing was then
conducted on these specimens to measure their half-cell potential,
macrocell corrosion current, corrosion area, and corrosion loss.

2. Outline of experiment

Ten types of rebars having different Cr contents were embedded
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in concrete with a cover depth of 20 mm. Each specimen had two
types of rebars with the upper and lower bars on the same side
being of the same type for a total of four rebars per specimen. Stain-
less steel plates of 0.5 mm in thickness were transversely inserted
from the top and bottom of each specimen to the depth of the bars as
shown in Fig. 1. After sealed curing for 24 hours, the specimens
were demolded, and the stainless steel plates were removed to leave
gaps imitating simulating cracks. The specimens were then placed
in plastic bags for further sealed curing for seven days. Carbonation
specimens were then air-cured for one month in a thermo-hydro-
static room (20 +3°C and 50 + 5% R.H.), and they were subjected
to accelerated carbonation so that carbonation would occur only in
concrete near the cracks. This was followed by accelerated corro-
sion curing, in which each two-day cycle consisted of one day at
high temperature and high humidity (60°C and 95% R.H.) and the
other day at low temperature and low humidity (30°C and 50%
R.H.). The changes in the macrocell corrosion current were mea-
sured up to 105 cycles, at the end of which the half-cell potential,
corrosion area, and corrosion loss of the anodic and cathodic rebars
were measured. Fig. 2 shows the test setup, Tables 1 and 2 show the
material properties and mixture proportions of concrete, respectively.
The reinforcing bars were round-shaped with a diameter of 13 mm,
from which the mill scale was removed before use. The basic com-
positions of reinforcing bars are similar to Table 3.

3. Experiment procedure

3.1 Accelerated carbonation testing
Accelerated carbonation tests were conducted on carbonation spec-

Table 1 Material properties.

Materials NaCl

Cement Ordinary Portland Cement

Water Potable

Fine aggregate CIUShed‘Sand andLand Smid/Demity =252 ton/m’,
Absorption = 1.42 %, Fineness Modulus =2.73 %

Coarse aggregate Crushed Stone (Sand StoneyDensity = 2.64 ton/m’,

Absorption = 0.59 %, Fineness Modulus =6.75 %
Air entraining and high-range water reducing
agents

Chemical admixture

NaCl First class reagent

Table 2 Mixture proportions of concrete.

W/C S/A | Shump Unit weight (kg/m”)
(%) (%) (cm) w C S G
65 46 18 185 285 798 954
Table 3 Chemical compositions of steels, mass%.
Steel C Si Mn P S Cr Ni | Mo
SD34510.2190{ 0.300 | 1.34 [ 0.035[0.019[0.081| 0.04 | 0.01
0Cr [0.0117/0.300( 0.50 {0.031{0.005{0.011{ O 0
3Cr 10.0106[ 0.305 | 0.52 [ 0.033]0.006(3.070] 0 0
5Cr 0.0112] 0.266 | 0.52 | 0.030|0.005|4.880| 0 0
7Cr 10.0105{0.270 | 0.53 | 0.031]0.005{7.150| 0O 0
9Cr |0.0114{0.270 | 0.52 [ 0.029 | 0.005[9.070| 0 0
11Cr 10.0098( 0.276 | 0.52 | 0.030 | 0.005 |11.110] O 0
13Cr |0.0108| 0.270 | 0.51 | 0.029|0.006 |12.900] 0 0
16Cr |0.0094({ 0.270 | 0.53 [ 0.030|0.005(16.090] © 0
SUS3040.0620] 0.297 | 1.02 |0.030| 0.006 [18.280| 8.15 [ 0.051

}ﬂ"‘—j/ Imitation Crack (Stainless steel 0.5mm)
' , R=100]
s
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Fig. 1 Details of test specimen.
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Fig. 2 Test setup.
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imens. Except for the area (width= 10 mm) on each side of the
artificial crack, the concrete surfaces were covered with a packing
tape and then coated with epoxy as shown in Fig. 3. This taping
and coating were necessary to carbonate only the area near the
crack and to prevent CO, penetration through other surfaces.The
conditions for accelerated carbonation were temperature of 40°C,
relative humidity of 60%, and CO, concentration of 5%. The
degree of carbonation was judged by cutting through the cracks of
the specimens to measure the carbonation depth every month by
spraying a 1% alcoholic solution of phenolphthalein onto the cut
surface. The uncolored part of concrete was the carbonated part,
and its depth was measured. Accelerated carbonation testing was

Epoxy resin

Fig. 3 Accelerated carbonation.
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terminated three months after carbonation had developed through
the 20 mm cover and reached well behind the bars. The specimens
were then stripped of the packing tape and subjected to accelerated
corrosion curing with high temperature/high humidity and low tem-
perature/low humidity cycles.

3.2 Accelerated corrosion curing

Carbonation specimens were subjected to accelerated corrosion
curing by temperature and humidity cycles consisting of high tem-
perature and high humidity conditions (60°C and 95% R.H.) for
one day and low temperature and low humidity conditions (30°C
and 50% R.H.) for one day.

3.3 Macrocell corrosion current

The macrocel! corrosion current was measured once every one
hour by measuring the voltage between the anodic bars and
cathodic bars via a known resistance of 10 (1. An automatic mea-
surement system consisting of a switch box, a data logger, and
personal computer was used as shown in Fig. 1. The value was
then converted to the macrocell corrosion current based on Ohm’s
law.

3.4 Half-cell potential

The half-cell potentials of chloride attack specimens and car-
bonation specimens were measured on the surfaces of cover con-
crete for anodic and cathodic rebars at the end of 105 cycles of
accelerated corrosion curing. Saturated copper-copper sulfate elec-
trodes (CSE) were used as the counter electrodes. The specimens
were sprayed with water immediately before measurement to
adjust their moisture content.

3.5 Corrosion area and corrosion loss

At the end of 105 cycles of accelerated corrosion curing, anodic
and cathodic rebars were chipped out of the carbonation speci-
mens, and their corrosion areas, and then calculating the corrosion
area with a software for automatic area measurement. The weight
loss was measured in accordance with Japan Concrete Institute
Standard.” Rust was removed from the bars by immersing the
SD345, 0Cr, and 5Cr bars in a 10% diammonium citrate solution,
whereas a 15% nitric acid solution was used for bars with a Cr
content exceeding 5%. The masses of the bars were measured to
the accuracy of 0.01 g with an electronic balance, and the weight
loss was determined by Eq. (1) below.

AW = Q’%”KS x 100 )

Where AW = weight loss (%)
Wo = initial rebar mass (g)

W = rebar mass after rust removal (g)
Ws = amount of uncorroded part dissolved (g)

4. Results and discussion

4.1 Half-cell potential
Fig. 4 shows the half-cell potentials of anodic bars in cracked
parts and cathodic bars in sound parts at the end of 105 high tem-

—& ~— Anode steels —0— Cathode steels

Half-cell potential (V vs CSE)
<
&

SD345 0OCr 3Cr 5Cr 7Cr 9Cr 11Cr  13Cr  16Cr SUS304

Reinforcing bars

Fig. 4 Half-cell potentials of anodic bars and cathodic bars

at the end of 105 high temperature/high humidity and low
temperature/low humidity cycles.

perature/humidity and low temperature/humidity cycles. The bold
line in the figure represents a potential of —0.35V (vs. CSE), at
which the probability of corrosion is 90% by the corrosion criter ia
of ASTM C 876-80."" This figure reveals that the half-cell poten-
tials of both anodic areas of carbonation-induced cracking and
cathodic areas in sound parts become less negative as the Cr con-
tent of rebars increases. In anodic areas, potentials less negative
than —0.35V are measured only on rebars with Cr content of 5%
or more, whereas such values are recorded on all rebars in cathodic
areas. Note that the potential differences between anodic and cathodic
areas is rather large for rebars with a Cr content of 5% or less but the
difference is hardly noticeable for rebars with Cr content of 7% or
more.

4.2 Time-related changes in macrocell corrosion
current density

Fig. 5 shows the time-related changes in the carbonation-
induced macrocell corrosion current density of ecach steel type.
The macrocell corrosion current density was determined by divid-
ing the measured macrocell corrosion current by the surface area
of anodic bars. In this study, a corrosion current density of 0.2 uA/cm2
was adopted as the criterion for judging the onset of macrocell
corrosion. This value corresponds to a minute current level in Cr-
bearing corrosion resistant rebars in a passive state (passive state
retention current) adopted based on previous papers.ls'18 If the
measured macrocell corrosion current density was 0.2 uA/cm2 or
less, then it was determined that no macrocell corrosion was
occurring. According to Fig. 5, the macrocell corrosion current
density tends to be higher in Cr-bearing rebars with a lower Cr
content. Notice that the macrocell corrosion current density tended
to decrease over time during accelerated corrosion curing regard-
less of the steel bar type. This can be attributed to the corrosion
products accumulating on anodic bars, which inhibited the diffu-
sion of iron jons and dissolved oxygen while increasing the elec-
tric resistance' 2. On the other hand, macrocell corrosion current
density of SD345 were 0.2 mA/cm” or more. Then again, the
measured macrocell corrosion current density of rebars with a Cr
content of 3% were 0.2 mA/cm® or less. The macrocell current
densities of Cr-bearing rebars with Cr content of 5% or more were
particularly marginal.

4.3 State of rebar corrosion
The state of rebar corrosion on anodic bars in cracked parts is
shown in Fig. 6 . This figure reveals that corrosion tends to be

International Journal of Concrete Structures and Materials (Vol.18 No.1E, June 20086) | 19



o
=N

SD345 —.—..0Cr _.._.3c:|
|
)
1

(pAkm?)
2 o o
w - W

o

Macrocell current density
=
[S)

i
l[a‘f]'n"' T - ,,,

0.0 S
Y 1 2 3 4 5 6 7
Time (month)
06 [ - cm _
'*’; e SCP = o= -7Cr = 9Cr
2 05
3
0.4
2
2
8 0.3 |
< |
o2 {
0 L
3 |
g o ‘
8 . | !
2 40 st ot ottt ol i

Time (month)

0.6
< L HCE mem oo 13Ct e 16CF -eeeen- SUS304
5 05
k!

0.4
2
5 03
5
g 0.2
3
g ol L
g Il : ]
= 00 : J

0 1 2 3 4 5 6 7

Time (month)

Fig. 5 Time-related changes in the carbonation-induced
macrocell corrosion current density of each steel bar type.

more significant on rebars with lower Cr content. Corrosion was
visible on rebars with Cr content of 3% or less and particularty
significant on SD345, but it was scarcely observed on rebars with
Cr content of 5% or more. On the other hand, carbonation was
found to spread not only in the area near the cracking but also over
the entire anodic surfaces of rebars presumably because CO, seep-
ing through cracking has readily migrated along the rebar-concrete
interfaces into sound cover concrete near the anodic rebars. In
cathodic areas, however, carbonation was found to remain near the
concrete surfaces without reaching the rebar level. Such intensive
carbonation near the cracks has caused differences in the pH val-
ues of anodic and cathodic bars, forming a macrocell corrosion
environment as intended in this study.

4.4 Corrosion area

The corrosion areas of cracked part on anodic bars and of sound
(uncracked) parts on cathodic bars at the end of 105 cycles of
accelerated corrosion curing consisting of high temperature/high
humidity and low temperature/low humidity phases are depicted
in Fig. 7. This figure reveals that the corrosion area tends to
decrease as the Cr content increases, and this tendency is more
noticeable in anodic areas. According to the above Section 4.2

Fig. 6 State of rebar corrosion of cracked parts on anodic bars.

(Time-related changes in macrocell corrosion current density) of
this paper, marginal macrocell corrosion current densities below
0.2 mA/cm” were recorded on rebars with Cr content of 5% or
more. It is therefore inferred that it is necessary for the steel bars to
have the Cr content of at least 5% to suppress the corrosion in a
macrocell corrosion environment induced by intensive carbon-
ation of cracked parts. Yet, according to Fig. 7, corrosion areas
of approximately 5% were observed on 5Cr rebars. This can be
attributed to microcell corrosion, which is normally associated
with macrocell corrosion of cracked areas. On the other hand,
there was no area of corrosion for rebars with Cr content of 7%
or more.

4.5 Corrosion loss

Fig. 8 shows the corrosion losses of anodic and cathodic rebars
at the end of 105 cycles of accelerated corrosion curing consisting
of high temperature/high humidity and low temperature/low
humidity phases. Similar to the above-mentioned corrosion area
results, the corrosion losses tend to decrease as the Cr content
increases, and no corrosion is observed on anodic with Cr contents
of 7% or more and on cathodic bars with Cr contents of 5% or more.

These results of half-cell potential, macrocell corrosion current
density, corrosion area, and corrosion loss indicate that it takes Cr-
bearing steel bars with Cr content of 5% or more to suppress the
corrosion in a macrocell corrosion environment induced by the
differences in pH values due to the carbonation of cracked parts.
However, small rusts presumably due to microcell corrosion were
observed on 5Cr steel containing 5% Cr. 5Cr steel is therefore
found corrosion-resistant up to the age corresponding to 105
cycles of the present accelerated corrosion testing. However, it is
not deemed sufficiently resistant to the level of long-life structures
with an expected service life of over 100years. On the other hand,
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Fig. 8 Corrosion losses of anodic and cathodic rebars at

the end of 105 high temperature/humidity and low
temperature/humidity cycles.

Cr-bearing steels with a Cr content of 7% or more are proven to
possess excellent corrosion resistance, as the potential differences
between their anodic and cathodic areas are marginal. Their mea-
sured macrocell corrosion current density was far lower than
02 mA/em®. Moreover, their corrosion areas and corrosion losses
were both 0%.

5. Conclusions

In this study, the corrosion-inhibiting properties of Cr-bearing
rebars under a macrocell corrosion environment induced by crack-
ing in cover concrete were investigated.

As the result, the following conclusions were drawn:

1) The corrosion resistance of steels in a macrocell corrosion
environment induced by the differences in the pH values due to car-
bonation of cracked parts increased as their Cr content increased.

2) In a macrocell corrosion environment induced by localized
carbonation, the minimum Cr content of rebars required for cor-
rosion resistance was 5%. The corrosion-resisting performance
of Cr-bearing rebar was particularly noticeable with Cr content
of 7% or more.
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