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Abstract The use of stainless steel in high corrosion risk
areas represents a viable option for reducing the life-cycle
cost and extending the service life of concrete structures.
However, the possible galvanic corrosion between it and
carbon steel continues to be a concern. In this article, the
galvanic coupling behaviours of carbon steel and three
different stainless steels were investigated in simulated
pore solutions and concrete specimens. The results showed
that the oxygen reduction reaction was much lower on
stainless steel than on passive carbon steel, leading to a
lower galvanic coupling current between stainless steel and
corroding carbon steel than that between passive and cor-
roding carbon steels. However, rust contamination of
stainless steel was found to increase galvanic coupling
corrosion on carbon steel.
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1 Introduction

Corrosion of the steel reinforcement in concrete structures

of highway bridges and parking garages can bring
about major problems in terms of reduced safety and
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serviceability for the structures, as well as increased
rehabilitation costs. Stainless steel has been used to mini-
mize reinforcement corrosion in many structures in the last
20 years due to its superior corrosion resistance. The use of
this reinforcement, however, is still limited, partially
because of its high initial cost [1]. A potential economical
approach is to use stainless steel in the areas of the struc-
ture that are most vulnerable to aggressive conditions and
corrosion (e.g. the top reinforcing steel mat of a deck,
lower section of a pier or a splash zone). This will signif-
icantly extend the service life of a concrete structure with
only a slight increase in initial cost. This approach can also
be used in the repair of deteriorated reinforced concrete
structures. While, there has been considerable interest in
this approach, concerns about galvanic corrosion when
dissimilar metals are in direct (electrical) contact with each
other in concrete structures have prevented its widespread
application. As a result, engineers are hesitant to use
stainless steel (SS) and carbon steel (CS) in the same
concrete structure.

At present, limited studies have been published and
those have presented controversial results and conclusions.
For instance, Knudsen et al. [2], Knudsen and Skovsgaard
[3] and Klinghoffer et al. [4] suggested that using CS with
SS did not increase the risk of corrosion of CS as long as
both metals were in a passive condition. This conclusion
was also reached by Cochrane [5], Pérez-Quiroz [6] and
Abreu et al. [7]. Bertolini et al. [8-11] conducted their
experiments on concrete specimens and concluded that the
use of SS in connection with CS did not increase the risk of
corrosion of passive CS. They stated that when both CS
and SS are in the passive condition, the galvanic coupling
current did not produce appreciable effects, since these two
types of steel had almost identical corrosion potentials.
Active CS coupled with SS can increase the corrosion rate
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of active CS reinforcement in chloride-contaminated con-
crete, but this increase is no worse than the coupling
between active and passive CS, which always surround the
active CS. This conclusion was supported by the results
obtained in electrochemical cells and in concrete speci-
mens by Qian et al. [12]. Hope [13] made a similar finding
from his investigations, indicating that high and potentially
damaging corrosion rates would arise in galvanically cou-
pled CS and SS 316 or 2205, if the concrete surrounding
the CS became chloride contaminated or carbonated. These
corrosion rates were likely to be similar to, or somewhat
less than, the corrosion rates, which would develop if CS
alone was used. Webster [14], on the other hand, found that
galvanic corrosion could take place if two different metals
were electrically connected. He suggested that it would be
necessary to isolate the electron transfer path between the
anode and cathode to prevent corrosion damage due to
galvanic coupling. Seibert [15] asserts that coupling CS
with SS reinforcement is inadvisable, as galvanic coupling
will initiate corrosion of the CS. It is very important to note
that all the published results were only focused on the
investigation of the galvanic coupling between clean SS
and CS. The significant effect of rust contamination on
increasing galvanic coupling corrosion has never been
reported.

In this article, the galvanic coupling behaviour between
CS and SS, including 304LN, 316LN and 2205 were
investigated in both electrochemical cells containing satu-
rated calcium hydroxide [Ca(OH),] solution and concrete
specimens inside an environmental chamber. Sodium
chloride (NaCl) was introduced to the solution during the
experiment or premixed in the concrete to simulate
aggressive environmental conditions in the field. The gal-
vanic coupling currents between corroding CS and SS were
measured and compared to those between corroding CS
and passive CS, which always surround the corroding area
in the field. Theoretical considerations and analysis of
galvanic coupling effects on both anode and cathode are
provided. A quantitative calculation of the corrosion rate
changes on corroding CS as a result of galvanic coupling
was performed. The galvanic behaviour between passive
CS and SS was also studied to examine whether this cou-
pling could initiate the corrosion of CS. An important
effect of rust-contaminated SS (originating from contact
with corroded CS) on increasing the galvanic coupling
current was examined and recommendations to avoid this
effect are provided.

2 Experimental

The electrodes used in the electrochemical cells for the
investigation were made from the same batch of steel bars
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as those used in the concrete specimens, including CS and
three types of SS, 2205, 304LN and 316LN. The steel
electrodes were machined into two sizes: (1) small samples
of 15 mm length and 9.4 mm diameter and (2) large
samples of 70 mm length and 12.5 mm diameter. The
samples of CS and SS rebars were connected by steel rods
as electric conductors and then embedded in epoxy resin,
leaving a fixed area of steel surface (0.7 and 28.6 cm?,
respectively, for the two different sample sizes) exposed to
the solution. The samples were final polished with #600
silicon—carbide papers, degreased by acetone and de-ion-
ized water before being immersed in saturated Ca(OH),
solution with a pH of 12.6 for a week. A solution of sat-
urated Ca(OH), or saturated Ca(OH), + 3% NaCl were
used for the experiments. De-ionized water (>18.2 MQ
cm, Milli-Q) was used to prepare the solution, while high
purity argon and oxygen were used in some experiments to
purge or increase, respectively, the content of oxygen in the
solution.

The electrochemical experiments consisted of cyclic
voltammetry, linear polarization, potential dynamic, AC
impedance and galvanic coupling measurements. All tests
(except the galvanic coupling measurements) were con-
ducted in three-compartment electrochemical cells. The
working electrode was the steel sample, while the counter
electrode was made of platinum foil or mesh. The reference
electrode was a saturated calomel electrode (SCE). A
Luggin capillary was used to reduce the IR drop. The
cyclic voltammetry, linear polarization and potential
dynamic measurements were carried out using a Solartron
SI 1287 Electrochemical Interface or Solartron 1480
MultiStat, which was controlled by a PC computer using
Corr-Ware software. The AC impedance measurements
were performed by a Solartron SI 1287 Electrochemical
Interface coupled with a SI 1260 HF Frequency Response
Analyzer (FRA) and controlled by a PC computer with
Zplot and Zview software.

Cyclic voltammograms were measured in the potential
range of —1.2 to +0.5 V (initiated from an open circuit
potential) with a scan rate of 20 mV s~'. Potential
dynamic tests were measured from the open circuit
potential to —0.65 V with a scan rate of 0.1 mV s~'. The
electrochemical polarization resistance (R,) and the cor-
rosion rate (I..) of the reinforcing steel were determined
using the linear polarization technique in the electro-
chemical cell. The potential of the steel electrode was
scanned at a slow rate of 0.0l mV s~' in the range
of 10 mV around the corrosion potential, E.q-

The galvanic coupling experiments were carried out
using an apparatus consisting of two cells connected by a
salt bridge. The galvanic coupling current was measured by
connecting the two metals (having ratio of 1:1 in surface
area and placed in each cell) using a Keithley 485
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Picoammeter operated by a PC computer using VEE Pro
software. The salt bridge was made of a U-shaped glass
tube with an internal diameter of 9.4 mm. The two ends of
the U-shaped glass tube were sealed by a Celgard® 2500
microporous membrane to prevent solution flow and reduce
the rate of chloride ion diffusion. The glass tube was filled
with a saturated Ca(OH), solution with 3% NaCl.
Concrete specimens for the galvanic coupling tests were
made of CSA type 10 Portland cement (by mass, consisting
of at least two-thirds calcium silicate, with the remainder
containing aluminum oxide, iron oxide and other oxides)
with a weight ratio of water:cement:sand:aggregate =
0.5:1:2:3. Quantities of 0, 1.5 or 3.5% of chloride ions by
weight of cement were dissolved in water and added to the
concrete mixtures. Two rebars, with a diameter of 16 mm,
were embedded in parallel in the concrete specimens, which
had dimensions of 20 cm x 15 cm x 8 cm, as shown in
Fig. 1. Each half of the concrete specimen, which contained
different concentrations of chloride ions, was cast in two
steps: first, half of the concrete specimen was cast with one
steel bar at a specific concentration of chloride ions. Then,
the second half of the specimen, with the second steel bar and
concentration of chloride ions, was cast on top of the first
half, thereby forming the whole specimen. Two ends of each
rebar were coated with epoxy resin and covered by a
shrinkable sleeve, leaving a length of 15 cm (surface
area ~ 70.7 cm?) exposed to the concrete. The corroding
CS and rust-contaminated SS (originating from CS) samples
were prepared by placing CS and SS bars alternately in a wet
room with 95 £ 5% relative humidity and 22 + 2 °C tem-
perature for 10 days to allow the CS rust to accumulate on the
CS and SS surfaces. Figure 2 shows three types of SS rein-
forcing bars with clean surfaces and rust-contaminated sur-
faces. The concrete mixtures were cast into plexi glass
molds, and after 24 h, the concrete specimens were

Fig. 1 Photo of concrete specimen used in galvanic coupling test

Fig. 2 Photo of SS 304LN, 316LN and 2205 rebars with and without
rust cover prepared for embedding in concrete specimens

de-molded and then cured for 28 days in the above men-
tioned wet room. The specimens were then relocated into an
environmental chamber with 80% relative humidity and
temperature cycling between 25 and 45 °C to accelerate the
rebar corrosion during the test period. The galvanic coupling
current was measured between the two bars in the same
specimen using a Keithley 485 Picoammeter.

3 Theoretical considerations

Galvanic corrosion occurs when two (or more) dissimilar
metals (such as SS and CS) are electrically connected in the
same electrolyte. The difference in potential between these
two metals is the driving force for the galvanic corrosion
cell. When connected, the potentials of two metals are
forced to shift to a new intermediate value that usually lies
closer to that of the more active metal. The metal that
originally had a more negative potential (here corroding
CS) is subjected to an oxidation process. The more noble
metal (here SS), which originally had a more positive
potential, is polarized to the more negative potential and
subjected to a reduction process. As a result, the electrons
transfer through the metals from the active metal (anode) to
the noble one (cathode). The potentials and corresponding
coupling current are shown in Fig. 3. After an initial cur-
rent spike to charge the double layer of the electrode, the
current levels off to a stable value. This current density is
the measured galvanic coupling current density ().

The Evans diagram for galvanic coupling of the active
metal (here corroding CS) and the noble metal (here SS)
that leads to the changes of potential and current on the
corroding electrode is shown in Fig. 4 (assuming electrode
surfaces had a 1:1 ratio and faced each other). It illustrates
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Fig. 4 Changes of potentials and current densities on corroding CS
after being coupled with SS

the relationship between the galvanic coupling current and
the total corrosion current on the corroding CS. The anodic
reaction on the corroding CS is

Fe — Fe?™ +2e~ (1)

The cathodic reaction on both the corroding CS and SS
in an alkaline environment is

0, + 2H,0 + 4e~ = 40H" (2)

Prior to galvanic coupling, the corroding CS has its own
corrosion potential (E..,;) and corresponding corrosion
current (I.o, current density at the intersection point of
lines A and C). Once the corroding CS is coupled with SS,
the potential of corroding CS shifts positively from E.,,, to
the galvanic coupling potential E,.. Correspondingly, the
cathodic current at the corroding CS decreases from /., to
I.; and the anodic current of the corroding CS increases
from I to I,;. The current I,; is the new corrosion current
density on the corroding CS after coupling with SS.
Therefore, the cathodic current density( 1) is lower than
the anodic current density (I,;) on the corroding CS. The
cathodic and anodic current densities (I, and I,,) on
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coupled SS compensate for this current difference. As a
result, the sum of the anodic currents should remain equal
to the sum of the cathodic currents in this coupling system,
i.e.

Ly + 1o = I + 12 (3)

The increase of corrosion current density (Al.,,) on the
corroding CS is the difference between I,; and I.., and
the measured galvanic coupling current density (/) is the
difference between I,; and I.;, as follows:

A[corr = Ia] — Icorr (4)
Igc = Ial - Icl (5)

Since I o, is larger than 1., Al must be smaller than
the measured I,.. Based on the experimental results
obtained on the corroding CS, the Tafel slopes of anodic
and cathodic reactions at the low overpotential region were
40 and 60 mV decade ™', respectively [16]. These values
are in good agreement with the Tafel slope values obtained
by Kabanov et al. [17]. From Fig. 4, the anodic slope can
be written as
b

~ =40 (6)

and similarly the cathodic slope can be written as
b

” ™
Dividing Eq. 6 by 7 yields

b

2 40

g =% (8)

and after rearranging, the following is obtained

c 40
~ =% 9)

This clearly shows that the measured I,. compensates
partially (part c, about 40%) for the decrease in the
cathodic current and partially (part a, about 60%) for the
increase in the corrosion current, Al.;, on the corroding
CS.

To calculate the percentage increase in the corrosion
current density as a result of galvanic coupling, a com-
parison between Al and I.,, is necessary. It is
important to note that Al.,, from the coupling between
corroding CS and SS should be compared to that
resulting from the coupling between corroding CS and
passive CS, since the latter situation always exists in
concrete structures. If the galvanic current between cor-
roding CS and SS is smaller than that between corroding
and passive CS, then the use of SS, which is in electrical
contact with CS in a concrete structure, will not increase
the risk of CS corrosion.
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4 Results and discussion
4.1 Galvanic coupling current density

Figure 5 shows the galvanic coupling current densities, /o,
measured by connecting corroding CS with passive CS or
SS (2205, 304LN and 316LN). The current densities
decrease gradually until they reach a stable value after the
initial pulse, which was caused by the current charge for
the double layer in the interface between steel and elec-
trolyte. It is clearly shown that the galvanic coupling cur-
rent density between the corroding CS and SS is less than
half of that between corroding CS and passive CS. The
corrosion rate of the corroding CS was determined by a
linear polarization resistance technique and was found
to be 13.3 £ 0.4 pA cm 2 at the corrosion potential of
—0.6 V versus SCE. The I, values and percentage increase
of I, when corroding CS was coupled with passive CS or
several SS are listed in Table 1. As mentioned earlier Al
is about 60% of I,.. Therefore, the corrosion rate increase
due to galvanic coupling between corroding CS and pas-
sive CS is about 2.4%, while that due to galvanic coupling
between corroding CS and SS is only about 1.0%. Since the
galvanic coupling effect introduced by SS is about 1% and
smaller than that of passive CS, therefore galvanic coupling
between SS and CS will not increase the risk of CS
corrosion.

4.2 Effect of oxygen on cathodic reduction current
The oxygen reduction and oxidation reaction behaviours of

passive CS and SS 2205, 304LN and 316LN were exam-
ined by a cyclic voltammetry technique and the results are

0.7
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0.5 4
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- s]
0.1 T T T T
0 5 10 15 20 25
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Fig. 5 Galvanic coupling current densities, /,., obtained by coupling
CS with passive CS or SS 2205, 304LN and 316LN in a saturated
Ca(OH), solution

Table 1 Relationship between I,. and .o, for various metals cou-
pled to corroding CS at —0.6 V versus SCE

Steels IgC ('J'A Cmiz) IgC/ICOl'T (%) AICOIT/ICDIT (%)
Passive CS 0.53 4.0 24
SS 2205 0.22 1.7 1.0
SS 304LN 0.23 1.7 1.0
SS 316LN 0.24 1.8 1.1

I,. average measured value
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Fig. 6 Cyclic voltammograms of passive CS and SS measured in
saturated Ca(OH), solution. (Inset shows enlarged current scale)

shown in Fig. 6. The cathodic and anodic current densities
on all SS were significantly smaller than those on passive
CS. The corrosion potential of the corroding CS is about
—0.55 to —0.6 V. Therefore, the potential for galvanic
coupling between corroding CS and passive CS or SS
should be at this potential range. Furthermore, the reactions
on passive CS or SS are cathodic reactions. From the inset
of Fig. 6, it can be clearly seen that the cathodic reduction
current densities of all SS are much lower than those on the
passive CS in this potential range. Obviously the SS sur-
face is not favourable for this reduction reaction.

The effect of dissolved oxygen on the cathodic reduction
current density of passive CS electrodes was examined in
an electrochemical cell. First, a cyclic voltammogram was
measured in the electrochemical cell while open to air.
Oxygen was then bubbled into the cell to saturate the
electrolyte solution before another cyclic voltammogram
was measured. Afterwards, the solution in the cell was
degassed by bubbling Argon into the cell to remove the
dissolved oxygen. Subsequently, another cyclic voltam-
mogram was measured, as shown in Fig. 7. The cathodic
current peak was dominated by the reaction of ferric to
ferrous transformations [18] (FeOOH/Fe(OH),). When
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Fig. 7 Cyclic voltammograms of passive CS under various oxygen
conditions

oxygen was purged from the solution (i.e. the concentration
of oxygen in the solution was the lowest), the cathodic
current had the smallest peak with a value of —180 pA
cm 2 at —0.72 V (peak A). The areas between the zero line
and curves of this cyclic voltammogram (representing the
electric charges involved in the electrochemical reactions)
for the cathodic and anodic scans are almost equal, indi-
cating that reactions representing electrode surface reduc-
tion and oxidation are reversible. When the concentration
of oxygen in the solution was increased (cell open to air),
the cathodic current peak increased to a value of —330 pA
cm 2 at —0.87 V (peak B). When the electrolyte solution
was saturated with oxygen, the peak in cathodic current
increased further to a value of —400 pA cm ™2 at —1.0 V
(peak C). The electric charge for the cathodic reduction
also increased and indeed, became much larger than that
for anodic oxidation, indicating that there was a significant
oxygen (dissolved in the solution) reduction reaction
involved. In the cathodic scan of the potential region,
between —0.4 and —0.72 V, the effect of oxygen concen-
tration on the cathodic reaction was not observed since the
reduction of the oxidized metal surface was the dominant
reaction. The slight increase in the reduction currents under
oxygen and argon bubbling was probably caused by solu-
tion stirring that arose from bubbling the solution. In the
anodic scan (from —1.2 to —0.5 V), the current shift to
more negative values when open to air and during oxygen
bubbling is due to the process of continuing oxygen
reduction. The increase in current in the more positive
region (—0.5 to +0.5 V) is again likely due to the bubbling
action causing an increase in the diffusion process.
Figure 8 shows the cathodic polarization curves for
passive CS and SS. The cathodic current densities on SS
are all much smaller than those on passive CS in the region
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Fig. 8 Cathodic polarization curves of passive CS and SS measured
in saturated Ca(OH), solution

of —0.5 to —0.6 V. As described above, I, is limited by
the cathodic reduction reaction (Eq. 2) on the passive CS or
SS when the corroding CS is coupled to either of them.
Therefore I, induced by SS is much smaller than that
induced by passive CS when these metals are coupled with
corroding CS.

4.3 Effect of rust contamination

When a SS surface is contaminated by corrosion products
from corroded CS, its electrochemical characteristics are
altered. These corrosion products will obviously affect the
galvanic coupling behaviour of SS since they have a sig-
nificant effect on the cathodic reaction of SS. The cyclic
voltammograms of SS 2205, 304LN and 316LN with rust
adhered on the surface are shown in Fig. 9. It was found
that the profiles on these SS are very similar and are totally
different from the cyclic voltammograms obtained on the
rust-free surfaces of SS 2205, 304LN and 316LN shown in
Fig. 6. In particular, the clear cathodic reduction peaks
have all disappeared on the rust-contaminated SS. Also,
the cathodic and anodic currents are all much higher
(>2,000 pA cmfz) than those on rust-free SS (<200 pA
cm~2). Compared to the cyclic voltammogram of the cor-
roding CS (solid line in Fig. 9), the profiles are very sim-
ilar. Clearly, the surfaces of these CS and SS samples are
all covered by corrosion products; they have similar exte-
rior surface conditions with the only difference being that
on the corroding CS surface, the rust is electrochemically
formed, while on the SS surface, it adheres physically.
However, the latter has a much larger surface area than the
rust-free SS surface. For the oxygen reduction reaction, O,
needs to diffuse to the metal surface, then adsorb onto
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Fig. 9 Cyclic voltammograms of corroding CS and SS* (with rust
adhesion) measured in saturated Ca(OH), solution

metal or metal oxide sites before being further reduced to
OH™. Since the surface area of rust-contaminated SS has
increased considerably, so do the oxidation and reduction
currents.

The corrosion potential and polarization resistance
obtained from linear polarization experiments on SS 2205,
304LN and 316LN with and without rust present are listed
in Table 2. It was found that E.,, and 1/R, (proportional to
the corrosion rate) in both cases were similar and remained
almost unchanged, even for the SS surfaces covered by
rust. This is because anodic dissolution of metal is the rate-
determining step at the E.,, of SS when it is not coupled
with the CS. The layer of rust cover on the surface of SS
might affect the cathodic reduction rate but does not alter
the structure of the passive film or the rate of SS metal
dissolution. Therefore, both the corrosion potential and
current remained nearly unchanged.

The cathodic polarization curves of SS with and without
rust present are shown in Fig. 10. It was found that
cathodic current densities are all much larger for the rust-
contaminated SS than for those of rust-free SS. This agrees
with the results of cyclic voltammograms. The increase of
cathodic current can be attributed to an increase in the
actual surface area created by the adhered rust on the SS
surface. The rust-contaminated SS behaves as a cathode

Table 2 Values of E. and 1/R, of SS with and without rust on
surface

Metal Rust-contaminated surface Rust-free surface

Ecorr (V) VR, (Q7'em™) Eeore (V) 1/R, (Q 'em™)

14 x 107°
1.6 x 107°
1.4 x 1078

25 % 107°
1.6 x 107¢
1.7 x 107°

-0.22
—0.20
—0.15

SS 2205
SS 304LN
SS 316LN

—0.26
—0.24
—0.16

$82205
SS304LN
SS316LN
§52205*
SS304LN*
SS316LN*

mepoUOpD

Potential (V)

1E-9 1E-8 1E-7 1E-6 1E-5 1E-4
Log [l (A cm?)]

Fig. 10 Cathodic polarization curves of SS with and without rust
adhesion measured in saturated Ca(OH), solution (* with rust
adhesion)

when coupled with corroding CS. As a result, the galvanic
coupling current density for corroding CS coupled with
rust-contaminated SS can be significantly higher than that
with rust-free SS. The I . curves obtained from coupling
corroding CS with SS 2205, 304LN and 316LN in the
presence and absence of rust are shown in Fig. 11. It is
evident that the values of /,. were much higher on all rust-
contaminated SS than those with rust-free SS. It took a
much longer time for I, to reach relatively stable values on
rust-contaminated SS, likely due to the uneven activity and
non-uniformity of the adhered rust on the surface of the SS
electrodes.

1.8
A $52205*
® SS304LN*
1 m SS316LN*
A S52205
124 o SS304LN
— 0 SS316LN
£
Q -
<
o
=06 A
0.0 r T v T v T v T v

0 10 20 30 40 50
Time (hour)
Fig. 11 The curves of I, obtained by coupling corroding CS with SS

with and without rust adhesion in saturated Ca(OH), solution (* with
rust adhesion)
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4.4 Corroding CS bar coupled with passive CS or SS
bars in concrete

The galvanic coupling test was also performed between
two steel bars embedded in the same concrete specimen.
Figure 12 shows the galvanic coupling potential and /,. of
corroding CS coupled with SS (no rust cover). CS rebars
were cast in half of the concrete specimen containing 1.5%
chloride ions, while SS rebars were embedded in the other
half of the concrete specimen containing 3.5% chloride
ions. Before coupling the two rebars, the open circuit
potential of CS was more negative than that of SS (as
indicated by the potentials before time 0). After the con-
nection of the two rebars, the potentials of two metals
shifted to a common value and varied between —0.12 and
—0.3 V over 220 days. In this period of time, the galvanic
coupling current densities were relatively low (about a few
nA cm™?), indicating no considerable galvanic coupling
current. It was very likely that the CS embedded in the
1.5% chloride-containing concrete was in an initial corro-
sion development stage. After the 220th day, the high
temperature of the environmental chamber was changed
from 45 to 50 °C. As a result, the coupling potential shifted
towards more negative values at about —0.25 to —0.45 V,
while the /I, increased significantly to around 80, 120 and
226 nA cm~2 for SS 2205, 304LN and 316LN, respec-
tively. I . then decreased gradually to very low values
(approaching 0) for all three SS due to increased contact
resistance between CS and the concrete that arose from
severe cracking of the concrete near the corroding CS
rebars.

The galvanic coupling potential and /,. measured from
corroding CS coupled with the passive CS is shown in
Fig. 13. Two CS bars were embedded in the concrete
specimens, one in chloride-free concrete and the other in
concrete containing 1.5% chloride ions. During the first

250 300

150 4 —S82205 5
_— —SS304LN 200
& 504 | —=ss3teN -
@ 100 —
2 50 E
= (8]
E °© £
= -150 4 =
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$ 250
&

-350 -200

-450 =300

100 100 300 500 700

Time (day)
Fig. 12 Galvanic coupling potentials and current densities of

corroding CS (in concrete with 1.5% Cl7) coupled with SS (in
concrete with 3.5% CI™)
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Fig. 13 Galvanic coupling potentials and I,. of active CS (in
concrete with 1.5% Cl7) coupled with the passive CS (in concrete
with 0% C17)

220 days, the coupling potential varied around —0.15 V
and the coupling current remained very low (<20 nA
cm ). After 275 days, the coupling potential dropped
to —0.4 V, while the coupling current increased rapidly to
850 nA cm72, then decreased to a very low value, close to
0, due to concrete cracking around the active rebars. It was
therefore shown that I, between active and passive CS was
much higher than that between active CS and SS, even
when the SS was in concrete containing 3.5% chloride
ions. This result is in good agreement with that obtained in
the saturated Ca(OH), solution in the electrochemical cell.
This demonstrates that when SS reinforcing bars are cou-
pled with corroding CS bars, I, is much smaller (<226 nA
cm~?) than that observed when passive and active CS
rebars are coupled (about 850 nA cm_z). Therefore,
replacing CS reinforcement with SS would not increase the
risk of corrosion to the CS reinforcement.

It was also found that, unlike the measurement in the
electrochemical cell, the galvanic coupling current in the
concrete did not reach its stable value shortly after cou-
pling. The current remained very low for more than
200 days before finally increasing. This was due to the fact
that the CS used as an active electrode in the electro-
chemical cell was substantially corroded before the
experiment and its corrosion potential was stable at
around —0.55 to —0.60 V. When this electrode was cou-
pled with passive CS or SS, the observed galvanic coupling
behaviour was determined by the cathodic reduction reac-
tion on passive CS or SS. However, CS used in concrete
specimens was corrosion free before it was cast in the
concrete specimens. During the first 200 days, the corro-
sion gradually developed on the CS when exposed to 1.5%
chloride ions in concrete under environmental conditions
of temperature cycling and high humidity.

Figure 14 shows photos of the concrete specimens in
which the active CS (in concrete containing 1.5% chloride
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Fig. 14 Photos of concrete specimens in which the corroding CS (in
concrete containing 1.5% Cl7) was coupled with passive CS (in
concrete with 0% CI7) or SS (in concrete containing 3.5% C1).
Severe concrete cracking can be observed around the corroding CS

ions) was coupled with different types of SS (in concrete
containing 3.5% chloride ions) or with passive CS (in
chloride-free concrete). The photos were taken at the end
of the 2-year test period. It can be seen that all concrete
with SS embedded were in good condition; corrosion rate
of 0.01 pA cm™? measured on these SS and visual
inspection of these SS by opening concrete specimens
confirmed that all these SS were in very good condition,
indicating that the SS was in a passive state. However, all
concrete specimens with CS embedded in concrete con-
taining 1.5% chloride ions were severely cracked (as
shown in the photos), demonstrating that the CS had been
subjected to severe active corrosion. This cracking is a
direct consequence of the severe CS reinforcement corro-
sion that occurs in the presence of 1.5% chloride ions.

4.5 Corroding CS coupled with rust-contaminated SS
in concrete

Corroding CS coupled with rust-contaminated SS was
tested in concrete specimens. Figure 15 shows the galvanic
coupling potential and I, of corroding CS coupled with
rust-covered SS. The CS was embedded into the region of
the concrete specimen containing 1.5% chloride ions, while
rust-contaminated SS was cast into the region of the con-
crete specimen containing 3.5% chloride ions. The cou-
pling potentials varied around —200 mV vs SCE. I, also
increased and decreased several times. After coupling for
220 days, the coupling potential shifted to more negative
values. I, increased to 1.3 pA cm 2. This value was
several folds higher than that for rust-free SS rebars
(0.23 pA cm™? as shown in Fig. 12). This result is again in
agreement with that obtained in the saturated Ca(OH),
solution in the electrochemical cell. As described in the
previous section, this /g increase is due to the increased
surface area on the SS rebars that arises from rust products

Time (day)

Fig. 15 Galvanic coupling potential and I, of active CS (in concrete
containing 1.5% C17) coupled with SS covered with rust in the
concrete with 3.5% Cl™

and leads to an increase of the cathodic reduction current.
This cathodic current increase depends on the thickness
and coverage of the adhered rust. As a result, the galvanic
coupling current density for corroding CS coupled with
rust-contaminated SS can be significantly higher than that
with rust-free SS. Therefore, it is very important that all SS
rebars be protected from contamination by CS during the
processes of transportation, storage and installation to
reduce the risk of corrosion of coupled CS rebars.

5 Conclusions

e The galvanic coupling of SS and CS in saturated
Ca(OH), solutions will not increase the corrosion risk
on CS, even when these metals are in direct contact
(electrically connected). In fact, the slight increase in
corrosion rate of CS due to galvanic coupling of SS and
corroded CS was less than for the combination of non-
corroded CS and corroded CS. SS, with its ability to
resist chloride-induced corrosion, can be used in areas
vulnerable to chloride contamination.

e The rate-determining step of the galvanic coupling
process is a cathodic reduction reaction on passive CS
or SS when either of these metals are coupled with a
corroding CS in a saturated Ca(OH), solution. The
cathodic reduction current on SS is significantly lower
than passive CS, leading to a much lower /. induced by
SS than passive CS.

e The galvanic coupling tests between passive CS and SS
show that /,. was about 1 nA cm ™2 for all three types of
SS, well below the long-term maintenance-free current
density for CS, even when these SS were in the 3%
chloride ion solution. Therefore, galvanic coupling
of passive CS and SS will not initiate corrosion on
passive CS.
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