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b Laboratoires Interfaces et Systèmes Electrochimiques, UPR-15 du CNRS, UPMC, Casier 133, 4 Place Jussieu, 75252 Paris Cedex 05, France
Abstract

Stainless steel reinforcements have proved to be one of the most effective methods to guarantee the passivity of reinforced concrete
structures exposed to highly chloride-contaminated atmospheres. In the present work, the corrosion behaviour of two traditional austen-
itic stainless steels (AISI 304 and 316L types), and one duplex type (2205) are compared with that of a low-nickel, much more economic,
austenitic type (204Cu). Ribbed and ground bars of these four materials are studied in non-carbonated and carbonated, saturated
Ca(OH)2 solutions with different chloride contents, using electrochemical techniques. The low-frequency time constant represents the
charge transfer resistance (Rt) in parallel with the double layer capacitance. The Rt value of the passive reinforcements seems to be related
with the quality of the passive layer. Rt values increase with the immersion time in the testing solutions and decrease with the chloride
content. Moreover, Rt tends to increase when the ribs of the bars are removed.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Reinforced concrete is a versatile, economical and suc-
cessful construction material. It is durable and strong, per-
forming well throughout its service life. Conventional black
steel reinforcements embedded in concrete are passive due
to a protective, very thin oxide layer (about 10 nm) [1] that
is formed on its surface in high alkaline media such as that
the contained in the pores of the concrete (pH about 12.6).
However, these reinforcements suffer severe corrosion
problems when the reinforced concrete structure is exposed
to chloride contaminated environments and/or when the
concrete cover is carbonated. Chlorides favour localized
pitting corrosion of the steel, and carbonation a general-
ized attack.

Nowadays, cathodic protection and the use of stainless
steel reinforcements seem to be the most reliable solutions
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to guarantee the durability of reinforced concrete struc-
tures in extremely aggressive environments [2,3]. Although
the use of stainless steel reinforcements can be, at long
times, a more economically profitable alternative than
cathodic protection [4], the initial cost of using stainless
steel has limited their use many times.

Up to now, most of the published literature has focused
on the most commercial austenitic stainless steel types,
such as AISI 304 and 316, though there are studies about
other ribbed stainless steels. The corrosion results obtained
for 304 and 316 types have shown the very good behaviour
of these materials in chloride-bearing concrete or simulated
pore solutions [3–9]. Nowadays, duplex stainless steels are
coming into use. Recent works have demonstrated that
their corrosion resistance in these media is similar to that
of the traditional austenitic types or even better, depending
on the composition of the studied duplex steel [5,10,11].
However, ferritic types (the cheapest traditional stainless
steels) have demonstrated to be susceptible to pitting corro-
sion in severe marine environments [12].
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Table 1
Chemical composition of the studied ribbed stainless steels

Tipo AISI 304 316L 1�c 316L 2�c 2205 204Cu

Ribbed Cold Cold Cold Hot Cold
/ (mm) 8.00 10.00 6.00 12.70 5.00
C 0.0630 0.0210 0.0180 0.0190 0.0600
P 0.0310 0.0400 0.0300 0.0300 0.0180
S 0.0025 0.0060 0.0020 0.0020 0.0010
Si 0.3120 0.2070 0.3650 0.3160 0.2800
Mn 1.4220 1.6740 1.4410 1.5020 7.9360
Cr 18.3300 17.0470 16.9740 22.4080 16.529
Ni 8.1180 10.2480 11.2090 4.8820 1.9350
Mo 0.2970 2.1710 2.0810 2.7490 0.0680
Ti 0.0040 0.0030 0.0040 0.0060 0.0040
N 0.0447 0.0468 0.0476 0.1439 0.1573
Cu 0.3160 0.3230 0.4970 0.0840 2.6910
Sn 0.0170 0.0090 0.0120 0.0040 0.0110
Co 0.1280 0.1720 0.1310 0.0380 0.0130
B 0.0002 0.0033 0.0052 0.0022 0.0003
Nb 0.0090 0.0050 0.0100 0.0070 0.0050
Al 0.0080 0.0001 0.0001 0.0001 0.0060
V 0.0910 0.0790 0.0870 0.1230 0.1160
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Nickel is one of the alloying elements that most raise the
cost of such austenitic and duplex stainless steels, above
that of other majority alloying elements as chromium.
High-manganese, low-nickel austenitic stainless steel has
proved to have mechanical properties comparable to those
of traditional austenitic steels, and the corrosion resistance
in acid and in neutral solutions with chlorides ranges
between values very close to that of the type 304 to values
intermediate between typical corrosion resistances of
austenitic and ferritic types [13]. A recent work has demon-
strated that the low-Ni type 204Cu stainless steels have
good corrosion behaviour similar to the traditional stain-
less steels (type 304, 316), in media that simulated concrete
pores [14]. The economical advantages that imply the use
of this type of reinforcements stress the interest of studying
in depth the corrosion behaviour of 204Cu in mortars and
simulated concrete pore solutions.

Traditionally, the corrosion resistance of stainless steel
reinforcements in simulated concrete pore solutions has
been studied through d.c. electrochemical methods, mainly
destructive anodic polarizations curves [7,9–11,14]. Some
authors have tried to analyse the characteristic of the pas-
sive layer formed on stainless steels on alkaline media
through electrochemical impedance spectroscopy (EIS)
[15,16]. All of them have used equivalent circuit with two
time constants to explain the electrochemical response of
the stainless steels reinforcements, but the meaning
assigned to the equivalent-circuit components depends on
the author. Sometimes it is stated that the high-frequency
constant inform about the charge transfer process that
occurs on the surface of the reinforcements [15] and some-
times the charge transfer process is assigned to the low-fre-
quency constant [16].

The main objective of this work is to explore the possi-
bilities that EIS offers for the study of the quality and the
stability of the passive layer formed on the surface of the
stainless steel reinforcements in simulated pore solutions
of different compositions. For accomplishing this objective,
four ribbed stainless steels (type 304, 316L, low-Ni 204Cu
and duplex 2205) have been electrochemically character-
ized during exposure in simulated pore solution.

2. Experimental

Samples of 4 cm length were cut from ribbed bars of
stainless steels, two traditional austenitic stainless steels
(AISI 304 and 316L types), a low-nickel austenitic (type
204Cu) and one duplex (type 2205). Two stainless steels
AISI 316L with different compositions have been studied,
one with high content in S (0.0060%) called 316L 1�c and
another with low content in S (0.0020%) called 316L 2�c.
The chemical composition, the diameter and the form-
ing conditions of the stainless steels are shown in
Table 1.

The quality of the passive layer of the materials was
studied in Ca(OH)2 saturated solutions by EIS. Fresh,
non-carbonated solutions were used to simulate non-car-
bonated concrete (pH 12.6), and solutions in which the
pH had been reduced to about 9 by bubbling CO2-enriched
air were used to simulate carbonated concrete. In both
types of solution, different amounts of NaCl were added
(in quantities that range from 0% to 5% (w/w)) to test
the effect of chloride contamination.

EIS measurements were carried out in a potentiostat/
galvanostat (Ecochimie, AUTOLAB). The amplitude of
sinusoidal voltage perturbation signal was equal to
10 mV rms. Steels were studied in the frequency range from
105 to 10�3 Hz to observe all phenomena present in mate-
rials. The EIS measurements were performed after 2 and
20 h of exposure of the reinforcement to the testing solu-
tion. The impedance spectra fitting were carried out with
a simplex method. During fitting, the two lowest frequency
points of the spectra were sometimes erased because they
clearly corresponded to noise caused by the non-stabilities
of the system.

The susceptibility to pitting corrosion of the ribbed
stainless steels was characterized by cyclic polarization
curves in a Ca(OH)2 non-carbonated media with 0.5%
NaCl. The measurements were carried out in a potentio-
stat/galvanostat (PAR, model 263A). The electrochemical
measurements were carried out again after 20 h of exposure
of the reinforcement to the testing solution. The potential
scan rate was 0.17 mV/s. The current limit for reversing
the sign of the potential sweep was 10�4 A/cm2.

The employed electrochemical cell, both for EIS and
polarization curves, was a standard three-electrode system.
Working electrodes were made of investigated stainless
steels in which its cross sections were ground with SiC
paper of decreasing grit size from 180 to 320. Two centime-
ter of ribbed bars with ground cross sections were intro-
duced into the solution to be analyzed. Saturated calomel
electrode (SCE) and graphite bars were used respectively
as reference electrode and counter-electrodes.



Fig. 2. MnS precipitate present in the stainless steel 316L 1�c.
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To study the effect of the corrugations on the electro-
chemical behaviour of the stainless steels, some ribbed bars
have been machined in the shape of cylinders of 4 mm of
diameter in order to remove the rib. The surfaces of the cyl-
inders have been ground with SiC paper of decreasing grit
size from 180 to 320 before the EIS spectra of these mate-
rials have been obtained in non-carbonated, saturated
Ca(OH)2 solutions with 1% NaCl, following the same pro-
cedure described for ribbed bars.

A detail scanning electron microscopy (SEM) study was
carried out to detect the presence of small precipitates in
the 316L AISI type stainless steels. The composition of
the precipitates has been determined by semiquantitative
X-ray dispersive spectroscopy (XDS).

Finally, mechanical tests have been carried out in some
specimens to obtain more information about properties as
grain size or deformation of the microstructures that can
also influence the corrosion behaviour. Tensile tests have
been carried out following the EN10002-1 standard. Ulti-
mate tensile strength (UTS) and yield strength (ry) have
been measured. Vickers hardness (HV30) has been
measured in the core the ribbed bars, and microhardness
measurements (HV100g) have been carried out in the ribs
as well as in the cores.

3. Results and discussion

The anodic cyclic polarization curves (Fig. 1) show that,
in non-carbonated, chloride-contaminated media, 2205
duplex stainless steels are not susceptible to pit by imposing
anodic overpotentials, because O2 evolution occurs before
their pitting potential (Epit) can be reached. All the studied
austenitic stainless steels pit at potentials sufficiently high
to ensure their passivity in usual working conditions. The
204Cu type exhibits in this medium a corrosion resistance
very similar to 304 type, whose immunity to corrosion in
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Fig. 1. Polarization curves obtained with different alloy specimen in
concrete structures exposed in aggressive environments
have been proved for decades [2]. However, the Epit value
of the steel type 316L 1�c (about 550 mV) is significantly
minor than that of 316L 2�c (about 700 mV). The main dif-
ference between these two 316L stainless steels is their S
content (Table 1). After a careful SEM study very small
MnS precipitates of 3 lm of length were found in the
316L 1�c. Fig. 2 shows the precipitates found in this stain-
less steel. Though the S content in 316L 1�c is not especially
high the presence of this precipitates has previously been
detected in other 316 stainless steels with similar Cr and
Mn content [17]. The influence of MnS inclusions in the
pitting of stainless steels is well known, because it has been
demonstrated that their partial dissolution allow them to
act as preferred sites for pit initiation [18,19]. No precipi-
tate has been found in 316L 2�c bars. Other differences as
grain size or grain shape of the austenite are difficult to
evaluate objectively using only microscopical observation.
1.E-05 1.E-04 1.E-03 1.E-02 1.E-01

/cm2)

non-carbonated, saturated Ca(OH)2 solutions with 0.5% NaCl.



Table 2
Mechanical properties of the studied 316L AISI types

Ribbed stainless
steels

Tensile test HV 30 HV 100g

UTS (MPa) ry (MPa) Core Rib Core

316L 1�c 805 651 250 329 227
316L 2�c 897 710 270 423 242

 Re

CPE1 CPE2

 R t R 1

Fig. 3. Equivalent circuit proposed to fit the experimental EIS data.
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However, mechanical results as those summarized in Table
2 show that the 316 1�c has the lowest UTS, ry, HV30 and
HV100g in the core and in the rib of the bars. The higher
mechanical properties of the 316 2�c can be caused only
by a higher deformation or a lower grain size, and both fac-
tors tend to decrease the corrosion resistance. As the sur-
face roughness of both materials is apparently very
similar, only the precipitates could be blamed on the worse
corrosion behaviour of 316 1�c.

Numerous EIS measurements have been performed to
characterize the corrosion behaviour of the studied ribbed
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Fig. 4. Impedance spectra for AISI 316L 1�c in Ca(OH)2 with 5% NaCl ex
steels in Ca(OH)2 solution with different pH and chloride
contents. The equivalent circuit proposed to fit the
obtained experimental EIS data is shown in Fig. 3. Both
capacitors in the figure have been simulated as constant
phase elements (CPE). The equivalent circuit with two time
constants in parallel, that other authors use for studies car-
ried out in similar (but not identical) conditions [15], gives
slightly higher errors in our case. This circuit has also been
used to simulate the electrochemical behaviour of passive
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metals that do not suffer corrosion, as stainless steels [20] or
titanium [21] in non-aggressive media. Anyway, the values
obtained for low-frequency resistance (in which are based
most of the paper discussion) with parallel and series cir-
cuits for the same spectra are very similar and only mean-
ingful differences can be detected on CPE values. An
example of the shape of the spectra and quality of the fit-
ting achieved using equivalent circuit in Fig. 3 is shown
in Fig. 4. As it can be observed, the two time constants
are significantly overlapped.

The meaning suggested for the circuit components is the
following: the low-frequency time constant represents the
charge transfer process, and its composed by the charge
transfer resistance (Rt) in parallel with the double layer
capacitance (CPE2); the medium-frequency time constant
(R1 and CPE1) seems to be related with a redox reaction
on the material surface; the resistance that appears at very
high frequencies corresponds to the ohmic resistance of the
solution (Re). It has been considered the low-frequency
constant time as the constant responsible the charge trans-
fer because of the values of Rt (substituting in the Stern–
Geary equation) corresponds with corrosion intensities
(icorr) similar to those obtained from d.c. measurements
[14]. The values determined for R1 oscillate a lot, probably
because the difficulties of analyze spectra with so over-
lapped time constants. Anyway, for all the materials and
solutions tested, R1 are always meaningfully lower than Rt.

The results of parameter regression with the equivalent
circuit presented in Fig. 3 are illustrated in Fig. 4. The
capacity of CPE2 ranges from 50 to 150 lF/cm2, typical
of a double layer capacitor, as can be seen in Fig. 5. This
observation corroborates the assignment of the low-
frequency time constant to the charge transfer process.
The high-values of Rt obtained for stainless steels in alka-
line media make that the time constant corresponding to
the charge transfer step appears at frequencies lower than
usual.

It can also be observed in Fig. 5 that CPE1 values are
always higher than CPE2. The order of magnitude of
CPE1 capacitors is compatible with capacitors of a redox
process as that which occurs on the outer region of the
CPE1

CPE2
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Fig. 5. Values of the capacitors for the stainless steels studied in a non-
carbonated Ca(OH)2 solution with 1% NaCl after 18 h of exposure time.
passive layer. This region is rich in Fe oxides [22] and the
redox reaction that can occur at the corrosion potential
that exhibit the stainless steels in those media (besides the
corrosion process) is the transformation of c-FeOOH to
magnetite, as has been studied in depth by other authors
[15,23–25]. Its influence of this phenomenon on the EIS
spectra has also been suggested previously [15,25]. The val-
ues obtained for R1 from the EIS spectra are about three
orders of magnitude lower than those obtained for Rt.

It is noteworthy that the CPE2 values are meaningfully
higher for duplex stainless steel (2205) than other austenitic
stainless steels in all cases examined. The values of the a
coefficient corresponding to the CPE2 vary between 0.7
and 1.0. Minor values have been found for a coefficient cor-
responding to the CPE1 usually ranging between 0.5 and
0.7. Low values for a have also been detected by other
authors in carbon steel in concrete, due to the presence
of heterogeneities of concrete-rebar interface [26,27].

The effect of chloride content of synthetic concrete pore
solutions to the Rt values showed that Rt decreases when
the chloride content increases (Fig. 6). These results prove
the ability of this parameter, obtained from EIS measure-
ments, to characterize the aggressiveness of the media at
which the reinforcement is exposed. It is obvious that the
presence of chlorides does not only decrease Epit in polari-
zation curves [14], but also affects the protective property
of the passive layer in the non-polarized state.

It has also been observed that Rt is always higher in car-
bonated than in non-carbonated media for all the materials
(Fig. 6). This fact is at first sight surprising, because car-
bonated media is believed to be more aggressive for the
reinforcements that non-carbonated media. However, the
icorr determined in the non-polarized state using d.c.
measurements is also lower in carbonated than in non-
carbonated solutions [14,28]. Fig. 7 shows the good corre-
spondence existing between the icorr obtained for the stud-
ied materials with a.c. and d.c. electrochemical techniques.
icorr values have been calculated from polarization curves
and using Rt from EIS spectra. In this last case Rt has been
identified with the polarization resistance of the materials
and the Stern–Geary expression [29] has been used. The
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Fig. 6. Influence of the pH and the chloride content media in the value of
Rt for the 204Cu stainless steel after 18 h of exposure in the test solution.
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measurements performed with the first technique have
errors that range between 2% and 3% and for those per-
formed with the second, the errors vary between 8% and
11%. Anyway, though the icorr of the stainless steels rein-
forcements are always higher at pH 12.6 than at pH 9 at
the non-polarized state, the reinforcements need minor
overpotentials to achieve meaningful values for the intensi-
ties in carbonated solutions than in non-carbonated solu-
tions [7,21].
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Fig. 8. Influence of the exposure time on the value of Rt for all the
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Fig. 9. Microstructure of a cross sectional view of the AISI 304 aust
The value of Rt always increases with the exposure time
in the test solution (Fig. 8). This increase in the Rt value
reflects the increases of the protective ability of the passive
layer that occurs when the stainless steels reinforcements
are exposed in alkaline solutions [10,11]. Some relation
between the length of the passive zone of the polarization
curves for different stainless steels [14] and the Rt value
can be guessed from data corresponding to carbonated,
saturated Ca(OH)2 solution with 1% NaCl. However, this
trend is not so clearly observed in all the media tested.
Maybe, the relatively small differences that could exist
among the Rt values of the reinforcement, depending on
the composition of the stainless steels, are masked by the
uncertainties of regression calculation (that are unavoid-
able when the two time constants of the spectra are as close
as in this case).

The ribs have suffered the stronger mechanical
deformation in the rebar (compare microhardness values
corresponding to the rib and the core in Table 2). The
microstructure shows lower grain size in the cross section
and more lines corresponding with deformation planes
(Fig. 9) in ribs than in remaining metal. For this reason,
pits tend to nucleate in the ribs when high anodic
0

0.5

1

1.5

2

204Cu 316L 2˚C 316L 2˚C204Cu

2 hours 20 hours 

R
t
(M

Ω
*c

m
2 )

Ground

Fig. 10. Influence of the mechanical deformation and geometrical
heterogeneities of material surfaces on the Rt values for different exposure
times in non-carbonated solution with 1% NaCl.

enitic stainless steel (a) in the remaining metal and (b) in the rib.
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overpotentials are imposed to the stainless steels reinforce-
ments [28]. After removing the outer region of the ribbed
bars, the impedance spectra of the materials show higher
values of Rt, as can be seen in Fig. 10. After 2 h of exposure
in the testing solution, the differences are small, but they
tend to increase with time. The quality of the passive layer
formed in the materials with a more homogeneous surface
and a less deformed microstructure is higher than the
quality of the layer formed on stainless steels with ribs.

4. Conclusions

The most important conclusions that can be drawn from
the results presented in this work are:

– The equivalent circuit proposed to fit the corrosion
behaviour of stainless steels in media that simulated con-
crete pores is the circuit composed of two time constants
besides the ohmic resistance of the solution. The low-fre-
quency time constant represents the charge transfer
resistance in parallel with the double layer capacitance
and the medium-frequency is related a redox reaction
on the material surfaces.

– The value of the charge transfer resistance obtained
from EIS measurements increases with the time and
decreases with the chloride content, so the technique
can inform about changes of protective ability of the
passive layers depending on the composition of the
media and the exposure time.

– The influence of the composition of the ribbed bars on
the charge transfer resistance measured at their non-
polarized state is very small and this technique is not
useful to predict the differences on their pitting
susceptibility.
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