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RESULTS

Uncoupled steels

Figure 2 shows photographs of the uncoupled steels at the highest chloride concentrations
after 2 years. No corrosion was seen on the uncoupled stainless steels where these were
in contact with the concrete. This result was obtained independent of the chloride
content, exposure time and stainless steel grade and is due to the high pH of concrete,
which substantially increases the corrosion resistance. For comparison, in neutral freshwater
systems the maximum chloride concentration that usually is recommended for 304L

is around 400 ppm at 20°C [8]. Although this is the limit for which there is no risk for
corrosion, and freshwater systems differ from concrete environments regarding oxygenation
and stagnation, this gives an idea of the beneficial effect of the high pH. Some corrosion
was seen under the protective tube covering the electrical connection. This type of corrosion
was only seen on the bars with a larger diameter, and was due to a poor fitting of the tube,
which resulted in the formation of a crevice.

Fig. 2 Uncoupled carbon steels (left) and stainless steels (right) after two years in a concrete block with a) 304L and
2.4% chlorides, b) 316L and 2.6% chlorides, c) S32101 and 2.6% chlorides and d) S32205 3.2% chlorides.

a) 304L b) 316L
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For the carbon steels, a small weight loss was observed even in the concrete without chloride
additions and this increased with chloride content, as seen in Figure 3. At higher chloride
concentrations, the scattering of the data points increased, a phenomenon also seen by
others [1].

Fig. 3 Corrosion rates of uncoupled carbon steel bars measured by weight loss.
Solid black diamonds (#) with black trend line represent measurements
performed after one year while open squares (1) combined with a grey
trend line represent carbon steels exposed for two years.
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Galvanically coupled stainless and carbon steels

When the stainless steels were electrically connected to carbon steel the corrosion rates of the
stainless steels were unaffected. This is because they act as cathodes in this galvanic couple,
whereas the carbon steel will act as an anode and corrode. Figure 4 shows the galvanic
currents between the stainless steel and the carbon steel during the 2-year exposure.
There is an initial macrocell current, especially between $32101 and carbon steel, but the
current significantly decreases after the initiation period of 150 days and are thereafter

very low for all couples. These results strongly indicate that galvanic corrosion between

stainless steel and carbon steel occurs only to a very low extent in these environments.

Fig. 4 Macro-cell currents in concrete blocks with carbon steels coupled
to different stainless steels, all with a water:cement ratio of 0.5, and

a concrete cover of 15 mm.
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A significant decrease in corrosion rate during the second year was also observed for the
corrosion rates measured by weight loss, as seen in Figure 5. The corrosion rates were for
all steels and environments significantly lower for the blocks exposed during two years,
compared to the blocks exposed for one year. This correlates well to the current density
measurements, which showed higher current densities during the first year that thereafter
decreased during the second year. From the corrosion rates determined by weight loss, it
could in fact be seen that the 2-year corrosion rate in many cases was half the corrosion
rate during the first year, which indicate the corrosion during the second year can be

expected to be very close to zero.

In line with Cui et al. [5] and Bertolini et al. [12], the galvanic coupling of stainless steels to
carbon steel was found to affect the corrosion rate only to a very small extent. When comparing
the weight losses of both coupled and uncoupled carbon steels, as seen in Figure 5, the
corrosion rates are found to be slightly lower for uncoupled carbon steels, but are in most

cases within the standard deviation of the galvanically coupled carbon steels.
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Fig. 5 Corrosion rates measured by weight loss of carbon steels galvanically coupled
to stainless steels. Graphs a—d represent corrosion rates after 1 year while
graphs e—h represent corrosion rates after two years. Solid black diamonds (#)
show the corrosion rate of carbon steels coupled to stainless steel and open
grey squares (O) represent uncoupled carbon steels. The stainless steel grade
to which the carbon steel was coupled is written in each graph.

30.0 30.0
a) CS coupled to 304L after 1 year b) CS coupled to 316L after 1 year
25.0 25.0 -
N =
g 20.0 ; 20.0
ES ES . [
@ 15.0 o 15.0
= & £ +
5 100 i ‘g 10.0 ¢ =
o i . E E o i l H
5.0 ; 5.0
0 I‘ ‘ T T T 1 0? ’ T T T 1
1 2 3 4 0 1 2 3 4
Chloride content (weight percent per kg cement) Chloride content (weight percent per kg cement)
30.0 30.0
250 ¢) CS coupled to $S32101 after 1 year 250 d) CS coupled to $S32205 after 1 year
3y 5.
z <
Z 200 T £ 20.0
= = L 2
@ 15.0 @ 15.0 -
x * e 12
£ 10.0 T & 10.0
o i o i
- sof .5 :
0? rrrrr T T T 1 0? ‘ T T T 1
0 1 2 3 4 0 1 2 3 4
Chloride content (weight percent per kg cement) Chloride content (weight percent per kg cement)
30.0 30.0
25.0 e) CS coupled to 304L after 2 years 25.0 f) CS coupled to 316L after 2 years
5 5.
% T
> 200 Z 200
=2 =
o 15.0 o 15.0
e g
£ 10.0 £ 10.0 é
o o
0 : : : o * : : :
0 1 2 3 4 0 1 2 3 4
Chloride content (weight percent per kg cement) Chloride content (weight percent per kg cement)
30.0 30.0
g) CS coupled to $S32101 after 2 years h) CS coupled to $32205 after 2 years
25.0 25.0
s 3
£ 20.0 £ 20.0
= &
o 15.0 o 15.0
£ 100 ; % 5 10.0
(&) ; o & :
5.0 fg. = 5.0 7 R R
* & : i ? : 6
0’_‘ T T T 1 OM T T T 1
0 1 2 3 4 0 1 2 3 4

Chloride content (weight percent per kg cement) Chloride content (weight percent per kg cement)



acom | 2 - 2009

Open circuit potential measurements versus the MnO, reference electrode of the coupled
and uncoupled stainless steels, revealed that the potential of the coupled stainless/carbon
steel was similar to the potential of the carbon steel bars, as illustrated in Figure 6. The
figure shows the results for $32101 but no significant differences between the different
grades were found. Since the potential of the coupled SS/CS was similar to the carbon
steel itself, it is further evidence that the carbon steel is not significantly affected by the
presence of the stainless steel. Combined with the results of the low galvanic currents, seen
in Figure 4, it can be concluded that the stainless steel is easily polarized to the potential
of the carbon steel without a significant increase of the current density. Only in one case,
the block containing 2.2 weight percent chloride per kg cement, the potential of the
galvanically coupled steel differed from the carbon steel after 400 days. Although this could
have indicated a higher corrosion rate, the galvanic currents and the corrosion rates measured
by weight loss does not support that this is the case. When removing the couplings between
carbon and stainless steels the potential increased for the stainless steels whereas the potential
of the carbon steel slightly decreased. This phenomenon was also reported by Pérez-Quiroz
et al. [6] who tested 304 in a solution containing saturated Ca(OH),.

Fig. 6 Electrochemical potentials of the stainless steel S32101 (-e-), carbon steel
(-#-) and S32101 and CS galvanically coupled together (-[1-). The four graphs
show potentials of steels in blocks with different chloride content. All blocks
had a water:cement ratio of 0.5 and a concrete cover of 15 mm.
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Discussion

The presence of chlorides near the reinforcement is normally a result of a diffusion process,
which causes a concentration profile with a higher concentration at the surface and a lower
concentration near the reinforcement [1]. At a large depth from the surface there will be
only negligible amounts of chloride, even after a long time. This means that stainless steels
can be used where the diffused chlorides are present, while carbon steels can be used
deeper in the structure, where no chlorides are present. In this study, the chlorides were
mixed with the concrete from the beginning, and there was therefore no concentration
profile. This is a simplified situation, which eliminates the need to estimate chloride dif-
fusion distances and vary the thickness of the concrete cover and instead allows direct
study of the effect of chloride content.

The results indicate that the long-term corrosion behavior of all four stainless steel grades
investigated in this study are the same when exposed to Swedish outdoor environment with
chloride contents up to 3 weight percent per kg cement. This can be explained by the fact
that it is the passive layer that determines the electrochemical potential of the stainless
steel as long as the stainless steels are in their passive state. The passive layer mainly
contains chromium oxides and the composition does not vary to a large extent between
the investigated grades, thus resulting in similar corrosion potentials.

Furthermore, this study shows that the lean duplex stainless steel grade 32101 can be
used in chloride-containing concrete construction, confirming earlier indications from
pore solution tests [9]. Since $32101 is a duplex grade, it has higher mechanical strength
than 304L and 316L, which could be an advantage in some cases. Combined with the
similar or slightly lower cost compared to other stainless steels, this makes it an attractive
alternative in concrete construction that contains chlorides. Although the macro-cell current
between carbon steel and stainless grade $32101 is higher during the first 150 days, the
current density thereafter decreases significantly and it is therefore suggested that this
process has little impact on the long-term corrosion behavior. The reason for the initial
higher current is unclear, and it may be a statistical effect or due to a reduction process
connected to the stainless steel grade.

The low galvanic currents measured between carbon steels and stainless steels has been
proposed by Bertolini et al. and Cui et al. [5, 12] to be due to the stainless steel being a
poor cathode with high overvoltages for the cathodic reaction. This is in line with what
has been observed in this study, where low galvanic currents have been measured during
the two years (Figure 4) and the potentials of the coupled SS/CS is close to the potential of
the carbon steel (Figure 6). These two results imply that the potential difference between
the uncoupled and coupled stainless steel does not result in high cathodic currents, a
result which is typical for a stainless steel in its passive state.

Finally, the decreased macro galvanic currents after half a year, together with the lower
corrosion rates during the second year for both coupled and uncoupled steels, show one
of the risks with short-term testing in these environments. Although short-term testing
can be valuable to determine certain properties of the reinforcement, it is necessary to
perform longer studies in real concrete to be able to predict the corrosion rate after several
years.

Conclusions

This study has investigated the corrosion behavior of the stainless steels 304L, 316L,
$32101 and S32205 in concrete construction containing up to 3 weight percent chlorides
by cement weight that have been exposed to Swedish outdoor environment for two years.
Both uncoupled stainless steel bars as well as stainless bars coupled to carbon steel have
been investigated. The results show that $32101 has comparable corrosion resistance
with the other grades in this environment and that all grades are corrosion resistant.
The results also indicate that galvanic corrosion has little influence of the corrosion

rate on the carbon steel bars in these environments.
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