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Stainless steel reinforcing bars can be a means for prolonging the service life of reinforced concrete structures
exposed to tropical climates. To select a suitable grade of stainless steel according to exposure conditions and
design service life, the definition of the chloride threshold for pitting corrosion initiation is required. This paper
investigates the effect of temperature in the range 20-60 °C on the resistance to chloride-induced corrosion of
low-nickel duplex stainless steel rebars and, for comparison, of traditional austenitic stainless steel rebars.
Tests in concrete and in solutions simulating the concrete pore liquid were performed and an attempt to evaluate
the chloride threshold levels for corrosion initiation was carried out. Results showed lower corrosion resistance
and higher sensitivity to increase in temperature for low-nickel duplex stainless steel bars compared to tradition-
al austenitic stainless steels.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The aggressive nature of tropical marine environments determines
great problems of durability for reinforced concrete structures
(e.g. bridges and marine piers), due to chloride-induced corrosion of
embedded steel bars [1]. The concrete cover itself may not succeed to
guarantee long-term corrosion protection of usual carbon steel bars,
even if good quality concrete and high cover thickness are considered,
and preventative measures are necessary even for a service life of less
than 100 years [1-3]. The use of stainless steel bars can provide a dura-
ble and maintenance-free solution to corrosion problems in the most
critical parts of marine concrete structures, typically the splash, spray
or tidal zones [4-6]. To achieve this goal, a correct selection of the
grade of stainless steel that can be used on the basis of environmental
aggressiveness is needed. As a matter of fact, even though stainless
steels offer a corrosion resistance higher than carbon steel, the different
grades of stainless steel bars available on the market have different
corrosion performances [4,7,8]. To make a proper choice of the stainless
steel grade, data on chloride threshold for corrosion initiation are
required as a function of the exposure condition (i.e. moisture condi-
tions and temperature of concrete). If the chloride threshold levels for
available types of stainless steels are known, the design for durability
of reinforced concrete elements can be carried out by selecting a
suitable and cost-effective combination of concrete composition,
concrete cover thickness and grade of stainless steel, e.g. using deter-
ministic or probabilistic methods [3,9].
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Similarly as for conventional carbon steel bars (for which indicative
value in the range of 0.4-1% by mass of cement is usually considered
under atmospheric exposure [1]), the chloride threshold level of stain-
less steel bars depends on the temperature and relative humidity of
the environment (that influence the temperature and moisture content
of the concrete in contact with the steel). This threshold, however, is
also remarkably affected by other important factors such as chemical
composition, microstructure and surface finish of the steel, steel
potential, pH of the concrete pore solution, and presence of voids at
the steel/concrete interface [10-14]. Taking also into account that
pitting corrosion induced by chlorides is a stochastic phenomenon, the
chloride threshold should be defined not by a single value, but by a
probability distribution.

The task of defining the chloride threshold is rather difficult. Unfor-
tunately, simple indices, such as the pitting resistance equivalent
number (PREN) that is often utilised to rank the corrosion resistance
of stainless steels in near-neutral environments, are not reliable in
predicting the corrosion performance of steels in alkaline environments
[15,16].

Tests in solution are often used to evaluate the corrosion resistance
of stainless steel rebars; these tests, however, cannot be used to esti-
mate the chloride threshold in concrete and may even fail in ranking
of the corrosion resistance of stainless steels in concrete [16].

To estimate the chloride threshold for pitting corrosion initiation a
large number of tests should be carried out in conditions that are repre-
sentative of the actual steel-concrete interface of real structures [12,13].
Beyond the fact that the actual condition of bars embedded in real struc-
tures are rather difficult to reproduce in the laboratory, tests in concrete
are in any case time consuming [17].

As a consequence only few data based on tests in concrete are
reported in the literature for stainless steel bars embedded in concrete.
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Moreover data are generally limited to traditional austenitic stainless
steel grades with about 18%Cr and 10% Ni (e.g. grades 1.4307 or
1.4311 according to EN 10088 standard; 304L or 304LN according to
ASTM standard) and possibly 2-3%Mo (e.g. 1.4404, 1.4406 or 1.4436;
AISI 316L or 316LN), and to exposure to mild temperatures of 20—
25 °C[18-24].

Nevertheless stainless steel bars are often used to increase the
service life of reinforced concrete structures exposed to marine tropical
climates [25] where the aggressiveness of the environment is increased
by temperatures that may exceed daily average values of 40 °C with
much higher peak values [26]. In these environments, even though con-
crete has a low thermal conductivity, high temperature may be reached
at the depth of the steel bars, leading to a remarkable decrease in the
chloride resistance, i.e. on the chloride threshold.

Only few data on other stainless steel grades [27-30] and in hot en-
vironments are available [6,31,32]. Particularly, few data are available
on different grades of stainless steels with duplex austeno-ferritic
microstructure which have been proposed as rebars for concrete
[15,27-30]. Initially duplex stainless steel 1.4462, with about 22% Cr,
5%Ni and 3%Mo, was studied and this showed a corrosion resistance in
chloride-contaminated concrete even higher than that of austenitic
stainless steels [32]. In recent years, the increase in the cost of alloying
elements has led to the use of low-nickel and low-molybdenum duplex
stainless steels as reinforcing bars, such as 1.4362 (about 23%Cr and 4%
Ni) and 1.4162 (about 21%Cr, 1% Ni and 4% Mn). At temperatures of
about 20 °C, duplex 1.4362 stainless steel was shown to suffer pitting
corrosion in concrete with 3% chloride by cement mass [16]; a lower
corrosion resistance in chloride contaminated concrete was observed
on 1.4162 [16,28,29]. As far as the effect of high temperature is con-
cerned, results of potentiodynamic polarisation tests at 50 °Cin alkaline
solutions (pH = 12) with 21 g/L of sodium chloride showed that nei-
ther duplex stainless steels (1.4362 and 1.4462) nor traditional austen-
itic stainless steels (1.4301 and 1.4404) exhibited pitting corrosion
initiation [33]. However, no data on the corrosion resistance of these
stainless steel grades embedded in concrete exposed to high tempera-
ture are available. So the corrosion behaviour in tropical environments
of low-nickel duplex stainless steel reinforcing bars still needs to be
evaluated.

This paper reports the results of an investigation on the effect of tem-
perature on the corrosion resistance of rebars of low-nickel duplex
stainless steels and traditional austenitic stainless steels. Tests in con-
crete and in solution were carried out in the presence of different con-
centrations of chloride ions. A detailed description of the results of the
tests performed at 20 °Cis reported in reference [16], in which different
test procedures to estimate the critical chloride content for corrosion
initiation in solution and in concrete are compared. This paper describes
results of tests at temperatures in the range 20-60 °C and focuses on the
effect of increasing temperature on the chloride threshold.

2. Experimental procedure

Tests were carried out on commercial rebars of two grades of low-
nickel duplex stainless steels (1.4162 and 1.4362) and, for comparison,
two grades of austenitic stainless steels (1.4311 and 1.4406). Table 1
shows the chemical composition and mechanical properties of the
steel bars. The surface of the bars was subjected to ordinary commercial

Table 1
Chemical composition and mechanical properties of stainless steel bars.
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Table 2
Mix proportions of concrete.
Water/cement ratio Cement® Water Aggregate® Chloride
(wye) (kg/m?) (kg/m?) (kg/m?) (%)
0.65 300 195 1830 0,3,5and 8
0.5 350 175 1840 5and 8

2 Type: CEM II/B-L 32.5R (EN 197-1 standard).
b Crushed limestone aggregate, maximum size 9 mm.
¢ By mass of cement, added to the mixing water as calcium chloride.

pickling; in order to remove all the potential contamination on the steel
surface, the bars received in the lab were further pickled and degreased
with acetone. Microstructure of the stainless steels were analysed and
results are reported in Ref. [16].

2.1. Tests in concrete

Bars were embedded in concrete with water/cement ratio of 0.5 and
0.65 and limestone-portland cement (CEM II/B-L 32.5R; EN 197-1 stan-
dard) was utilised (Table 2). Concrete with different chloride contents
(0, 3%, 5% and 8% by mass of cement added as CaCl,) was cast with a
wy/c ratio 0.65 (two replicate specimens were prepared for each chloride
contamination). In order to study the possible role of the water/cement
ratio on the chloride threshold concrete with w/c ratio 0.5 was also cast
with 5% and 8% of mixed-in chloride by mass of cement. Each specimen
embedded a bar of each grade of stainless steel. The bars had a concrete
cover thickness of 10 mm at the side of casting.

A mixed-metal oxide activated titanium (MMO) wire was fixed near
each bar, to be used as reference electrode for measurements of corro-
sion potential, and a mesh of MMO was embedded in each specimen,
to be used as a counter-electrode for electrochemical tests. Concrete
specimens without mixed-in chloride were subjected to chloride pene-
tration in order to promote chloride penetration through the concrete
cover, reproducing condition of ingress of chloride similar to those
expected in real structures. Chloride penetration was carried out by
means of ponding with a solution of 35 g/L of sodium chloride for
about five months; during this period the chloride content in the con-
crete at depth of 10-20 mm, representative of the position of the steel
bars, reached a value of about 2.5% by cement mass, as described in
Ref. [16]. Specimens with both mixed-in and penetrated chlorides
were placed in a climatic chamber at 20 °C and 90% R.H. for at least
three weeks. Afterwards the temperature was increased to 40 °C,
50 °Cand 60 °C and then it was returned to 20 °C. Each step of temper-
ature was maintained for at least one week. Corrosion potential and cor-
rosion current density of the bars were monitored. Corrosion potential
was measured versus activated titanium electrodes embedded close to
the surface of each bar as well as versus an external calomel reference
electrode. Corrosion current density was estimated by means of the
polarisation resistance technique. The polarisation resistance was
measured by imposing potential steps of 10 mV versus the free
corrosion potential and measuring the current density circulating
after 30 s of polarisation. The corrosion current density was calculated
as: icorr = Rp/B, and a value of 26 mV was considered for the parameter
B [34].

Designation Alloy elements (% by mass) Y.S us.
EN 10088-1 ASTM/UNS C Si Cr Ni Mo Mn N P S Cu (MPa) (MPa)
1.4406 361LN 0.017 0.58 17.53 11.26 2.56 1.11 0.14 0.033 0.001 - 558 783
14311 304LN 0.017 0.42 18.71 8.58 - 122 0.16 0.028 0.001 - 790 882
1.4362 $32304 0.024 0.49 2313 4.49 0.25 146 0.137 0.025 0.001 0.14 633 774
14162 $32101 0.048 0.8 22.07 1.18 0.02 4.14 0212 0.024 0.001 - 513 761
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At the end of the temperature cycles, potentiostatic polarisation
tests at 200 mV vs SCE were performed at 20 °C. The anodic polarisation
was maintained for 24 h or until a polarisation current density higher
than 100 mA/m? was measured.

Finally the concrete specimens were demolished and the surface of
the stainless steel bars was analysed. The corroded area was estimated
by means of image analysis.

2.2. Tests in solution

Tests in solution were also carried out to study the anodic behaviour
of the stainless steel bars. Specimens with 20 mm of the ribbed surface
exposed were immersed in saturated calcium hydroxide solutions
(pH = 12.6) with different chloride concentrations (added as sodium
chloride). Tests were carried out at 20 °C and 40 °C; the temperature
of the solution was controlled with a vertex thermometer and a sealed
cell with a water-cooled spherical condenser. The specimens were ini-
tially immersed in the saturated calcium hydroxide solution free of
chloride for at least 24 h, and then chlorides were added 24 h before
starting polarisation tests.

Potentiodynamic polarisation tests were carried out in solutions
with 1% and 3% of chloride by mass, by imposing a potential scanning
of 20 mV/min. Potentiostatic polarisation tests were also carried out
by imposing a potential of 200 mV SCE to the steel and adding 0.5% of
chlorides to the solution at intervals of 48 h. Tests were interrupted
when the polarisation current exceeded 5 A/m? (due to corrosion initi-
ation) or a concentration of 7% of chloride by mass was reached.
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Fig. 1. Effect of temperature on corrosion potential (a) and corrosion current density
(b) of 1.4311 stainless steel bars in concrete specimens with different chloride contents,
exposed 90% R.H. (filled symbols = w/c of 0.5; unfilled symbols = w/c of 0.65; grey
symbols = temperature returned at 20 °C after higher temperature cycles).
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Fig. 2. Effect of temperature on corrosion potential (a) and corrosion current density (b) of
1.4406 stainless steel bars in concrete specimens with different chloride contents, exposed
90% R.H. (filled symbols = w/c of 0.5; unfilled symbols = w/c of 0.65; grey symbols =
temperature returned at 20 °C after higher temperature cycles).

At the end of each test in solution, the exposed surface of the speci-
mens was observed, in order to evaluate if pitting or crevice corrosion
had occurred. If crevice corrosion took place the result was not consid-
ered and the test was repeated.

3. Results
3.1. Tests in concrete

Figs. 1-4 show the corrosion current density, measured by linear
polarisation resistance measurements, and the corrosion potential of
the stainless steel bars embedded in concrete specimens with different
chloride contents as a function of temperature (average of values mea-
sured during one week of exposure at each temperature step are report-
ed). Results of tests carried out when the temperature was returned
to 20 °C after exposure at 60 °C are also shown by grey symbols
(data measured at 20 °C have been plotted in Figs. 1-4 at a temperature
slightly different than 20 °C to avoid overlapping between the two steps
at this temperature). As far as specimens without mixed-in chlorides
are concerned, both values measured at 20 °C in the first period of
ponding, when steel was passive in contact with chloride-free concrete
(marked as 0% Cl~ in the figure), and values at the end of the ponding,
when a chloride content of about 2.5% by mass of cement was measured
at the steel surface [16], are shown.

Shadowed areas in Figs. 1-4 delimit the range of values of corrosion
current density and corrosion potential which were measured on
passive steels in chloride-free concrete at 20 °C. These areas can be
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assumed as representative of the fields were steels are passive, whilst
results that lay outside this area may be considered representative
of pitting corrosion initiation. As described in details in Ref. [16] the
corrosion potential of passive stainless steels ranged between — 50
and —180 mV vs SCE regardless of the type of steel and, thus, the
passive area in the graphs showing corrosion potential (parts a of
Figs. 1-4) is defined by values higher than — 180 mV vs SCE. Converse-
ly, the corrosion current density of passive steel changed for different
steels and, thus, the passive areas in the graphs of corrosion current
density (parts b of Figs. 1-4) are defined by the upper limit of the corro-
sion current density measured at 20 °C in chloride-free concrete on
each grade of stainless steel [16].

During exposure at 20 °C, austenitic stainless steels showed values
of corrosion current density and potential that remained within the
shadowed area, even in the concrete specimen with chloride content
up to 8% by mass of cement (Figs. 1 and 2). Pitting corrosion initiated
at higher temperatures, where results outside the shadowed areas can
be observed in Figs. 1 and 2 (for clarity, corrosion current density of
values outside the shadowed area was delimited by dashed lines). In
concrete with 8% of chloride an increase in corrosion current density
and a decrease in corrosion potential were observed starting at 50 °C
on 1.4311 (Fig. 1) and at 40 °C on 1.4406 (Fig. 2). Values of corrosion
current density of 2.5 mA/m? and 4 mA/m? were measured. The corro-
sion current density further increased when the temperature rose to
60 °C. In concrete specimens with lower chloride content, corrosion
current densities outside the shadowed area were measured in some
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Fig. 3. Effect of temperature on corrosion potential (a) and corrosion current density
(b) of 1.4162 stainless steel bars in concrete specimens with different chloride contents,
exposed 90% R.H. (filled symbols = w/c of 0.5; unfilled symbols = w/c of 0.65; grey
symbols = temperature returned at 20 °C after higher temperature cycles).
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Fig. 4. Effect of temperature on corrosion potential (a) and corrosion current density
(b) of 1.4362 stainless steel bars in concrete specimens with different chloride contents,
exposed 90% R.H. (filled symbols = wj/c of 0.5; unfilled symbols = w/c of 0.65; grey
symbols = temperature returned at 20 °C after higher temperature cycles).

of the specimens only at 60 °C on 1.4311 steel in concrete with 5% of
chloride and 1.4406 steel in concrete with 3% of chloride. When the
temperature was returned to 20 °C, the corrosion current density of
the steels returned to values similar to that of passive steel regardless
of the chloride content. Only one bar of 1.4311 steel in concrete with
8% of chloride maintained higher values of corrosion current density,
Fig. 1; in one specimen with 8% of chloride the bar of 1.4406 steel
showed a corrosion potential lower than —200 mV vs SCE returning
to 20 °C, although the corrosion current density in this case was in the
shadowed passive field (Fig. 2).

Figs. 3 and 4 show the effect of temperature on the corrosion current
density and corrosion potential of duplex stainless steels 1.4162 and
1.4362. Values outside the shadowed area, showing corrosion initiation,
can be observed even at 20 °C in concrete with 3% of chloride. The cor-
rosion current density increased as the temperature increased.

In the duplex 1.4162 steel (Fig. 3) the onset of corrosion was detect-
ed at 40 °Ceven in the concrete specimen subjected to ponding, i.e. with
2.5% by mass of chloride at the steel surface; corrosion current density
one order of magnitude higher than that measured in passive conditions
and corrosion potential lower than —300 mV vs SCE were measured.
The increase in temperature caused the corrosion initiation on all the
bars of this steel; corrosion current densities higher than 10 mA/m?
were measured during exposure at 60 °C. When temperature returned
to 20 °C, corrosion current densities remained high.

On 1.4362 steel the exposure at higher temperature caused an in-
crease in corrosion current density on the bars already depassivated at
20 °C (Fig. 4) and further induced corrosion initiation in all the other
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Table 3

Results of potentiostatic tests and visual observation of bars: CI~ = mixed-in chloride content (% by mass of cement), o, Ecorr = corrosion current density and corrosion potential mea-
sured at 20 °C after temperature cycles; I,,) = anodic current density measured after 24 h of potentiostatic polarisation at 200 mV vs SCE; Attack = description of the corrosion attack
observed at the end of tests; Wy,.x = maximum size of the corrosion attack; A = percentage of corroded area.

Steel grade Concrete Teorr Ecorr Iool Attack Winax A
- (mA/m?) (mV/SCE) (mA/m?) (mm) (%)
- w/c
14311 2.5% 0.65 0.28 —103 168 Shallow 1-2 0.01
0.65 0.43 —116 13.6 Shallow 10 1.30
3 0.65 0.20 —56 0.50 - - -
5 0.65 0.39 —48 0.80 Deep 5 0.15
0.65 0.17 —108 0.30 Shallow 1 0.01
0.5 0.25 —108 0.40 - - -
8 0.65 4.02 —210 1493 Shallow/deep 10 22.25
0.65 0.26 —162 0.30 - - -
0.5 0.46 —69 411 Shallow 10 0.35
1.4406 2.5% 0.65 1.76 —65 154 Shallow 1 0.14
0.65 138 -85 1.69 - - -
3 0.65 1.56 —180 0.03 Deep 40 0.70
5 0.65 121 —31 1.00 - - -
0.65 1.10 —114 0.80 Shallow 2 0.14
0.5 1.24 —90 0.90 Deep 10 0.75
8 0.65 1.46 —50 2.99 Deep 7 0.15
0.65 132 —66 1.99 Deep 10 0.90
0.5 1.60 —234 192 Deep 40 150
14162 2.5% 0.65 1.50 —363 360 Deep 10 1.40
0.65 137 —401 27 Shallow/deep 10 1.19
3 0.65 2.49 —334 834 Deep 20 8.65
5 0.65 1.86 —284 - Deep 30-40 495
0.65 2.73 —447 244 Deep 40 5.58
0.5 0.24 —158 - Shallow 1 0.02
8 0.65 3.87 —321 - Deep 30 593
0.65 0.23 —351 84 Shallow 6 0.87
0.5 393 —408 - Deep 40 7.40
14362 2.5% 0.65 1.26 —-73 323 Shallow 2 0.80
0.65 1.26 —90 1.99 (Stains) - -
3 0.65 5.21 —325 91 Deep 50 6.95
5 0.65 6.93 —283 - Deep 10-20 2.75
0.65 513 —416 91 Deep 45 5.75
0.5 424 —391 - Deep 40 5.70
8 0.65 2.03 —76 - Deep 30 2.95
0.65 11.12 —386 170 Deep 30 3.50
0.5 8.51 —405 - Deep 45 535

@ Chloride content estimated at the depth of bars at the end of ponding tests.

specimens with 3-8% chlorides added in the mix. Corrosion current
densities of 9-40 mA/m? were measured during exposure at 60 °C.
Only the bars in the specimens with 2.5% chloride by mass of cement
did not show results outside the passive area during the high tempera-
ture tests.
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Fig. 5. Percentage of corroded area estimated (by means of an image analysis software) at
the end of the tests on the surface of the different grades of stainless steel bars in concrete
specimens with different chloride contents (grey symbols = no macroscopical corrosion
observed).

No significant difference in corrosion behaviour of the stainless steel
bars was observed in specimens with different w/c ratio.

To further investigate the corrosion conditions of stainless steel
bars at the end of the temperature cycles, results of potentiostatic
polarisation tests can be considered. Table 3 reports the anodic current
density (I,o) measured after 24-hours of potentiostatic polarisation at
200 mV vs SCE; the corrosion current density (I.o) and corrosion po-
tential (E.orr) measured at 20 °C just before the application of the anodic
polarisation (i.e. after the high temperature cycle) are also shown for
comparison.

High values of current density were measured during the anodic
polarisation in the rebars of 1.4311 in two of the three concrete speci-
mens with 8% of chloride by cement mass (Table 3), showing the pitting
corrosion was initiated on these bars. In concrete with 5% of chloride,
where corrosion initiation was detected during exposure at 60 °C
(Fig. 1), values of current density lower than 1 mA/m? were measured
during the potentiostatic anodic polarisation tests. The potentiostatic
polarisation induced on 1.4311 steel current density values of 13 and
170 mA/m? in the concrete specimens subjected to ponding with 2.5%
of chloride by cement mass at the steel surface.

In 1.4406 steel (Table 3) high values of current density (>100 mA/m?)
during the potentiostatic tests were measured only in one specimen in
concrete with 8% of chloride, that has already showed corrosion initia-
tion at 40 °C (Fig. 2), and on one bar in concrete specimen subjected
to ponding. On the other bars, even those that showed corrosion
initiation at high temperature, the current density decreased during



M. Gastaldi, L. Bertolini / Cement and Concrete Research 56 (2014) 52-60 57

14311 1.4406

1.4162 1.4362

Fig. 6. Examples of corrosion attacks observed after concrete demolition on the surface of the rebars embedded in concrete with 8% of chloride by cement mass and w/c ratio of 0.65.

Table 4
Summary of results of tests in concrete; cells of the table are coloured in grey when corrosion evidence was observed (pot. = potentiostatic polarisation at 200 mV vs SCE; obs. = visual

observation).

o LR o e
20 20
0 40
1.4311] 50 1.4406| 50
60 60
20 20
Pot.

Obs,

T |Chloride (% by cement) Sted! T |Chloride (% by cement)

Steel

1.4162 1.4362

* Specimens subjected to ponding, chloride content estimated at the depth of the bars at the end of ponding tests.



58 M. Gastaldi, L. Bertolini / Cement and Concrete Research 56 (2014) 52-60

the 24 h of the potentiostatic tests and values lower than 2-3 mA/m?
were measured at the end of the tests.

Potentiostatic anodic polarisation tests carried out on 1.4162 and
1.4362 steels were carried out only on bars that had not shown corro-
sion initiation during the previous tests, detected by high corrosion
current density and low corrosion potential (Figs. 3 and 4), and on at
least one bar for any chloride content. In all the tested specimens cur-
rent density ranging from 27 to more than 800 mA/m? was measured
(Table 3).

Table 3 and Fig. 5 summarize the results of the visual observation of
the surface of the bars at the end of the tests. Bars were observed after
gentle removal of the adherent concrete, in order to have an overall
evaluation of the extension of the corroded area. Since bars were not
pickled, the actual extension of pitting attack is expected to be lower.
Fig. 6 reports examples of the corrosion attacks observed on the surface
of the stainless steel bars in concrete with 8% of chloride by mass of
cement and wy/c ratio of 0.65. Few and small corrosion attacks were ob-
served on the surface of austenitic stainless steels (Table 3), for which
the corroded area was less than 2% of the surface of the bars (Fig. 5).
On 1.4406 steel the attack often initiated in small defects (scratches)
present on the surface (Fig. 6). Only on a bar of 1.4311 steel in concrete
with 8% of chloride by cement mass, a corroded surface higher than 20%
was observed (this result is not shown in Fig. 5), although the attacks
were shallow (Fig. 6). Visual observation confirmed the presence of
severe and deep pitting attacks on the duplex stainless steels (Table 3
and Fig. 6). The corroded area ranged between 1 and 9% in most of the
specimens; the extension was less than 1.5% only in the specimens
subjected to ponding (2.5% Cl~ in Fig. 5).

3.2. Tests in solution

Fig. 7shows the results of potentiodynamic anodic polarisation tests
carried out in saturated calcium hydroxide solutions at 20 and 40 °C.
Values of pitting potential (identified with letter p) or the upper limit
of the passive range due to oxygen evolution for specimens that did
not initiate corrosion (pitting corrosion initiation above the upper
limit of the passive range is also indicated; at these values of the poten-
tial, i.e. about 500-600 mV vs SCE, the reaction of oxygen evolution
takes place and probably pitting corrosion is further promoted by
acidification) are plotted as a function of temperature and chloride con-
centration. At 40 °C corrosion initiated on duplex 1.4162 and austenitic
1.4311 stainless steels in the solution with 1% of chloride by mass,
although the pitting potential was higher than 250 mV vs SCE. In the
solution with 3% chlorides, corrosion initiated on all the stainless steels
at pitting potentials between 200 and 500 mV vs SCE. Even 1.4406 steel,
on which at 20 °C no corrosion was observed even in solution with 8% of
chloride (see Ref. [16] for details of tests at 20 °C), showed a pitting po-
tential of about 330 mV vs SCE in one of the specimen in the solution
with 3% of chloride by mass, whilst corrosion did not initiate on the
other specimen. Duplex 1.4362 steel showed pitting potential values
higher than those of 1.4311 steel. Duplex 1.4162 stainless steel showed
the lowest pitting potentials, reaching values as low as 200 mV vs SCE in
the solution with 3% of chloride at 40 °C.

Results of potentiostatic polarisation tests at 200 mV vs SCE in which
chloride ions were dissolved progressively in the solution (0.5% by mass
was added at 48-hour intervals) are shown in Fig. 8. The levels of
chloride concentration that led to the initiation of corrosion, which
was detected by an increase of the polarisation current density to values
higher than 0.5 mA/m?, are reported by black symbols (whilst white
symbols show the steps at which corrosion did not initiate).

Grade 1.4406 stainless steel did not suffer pitting corrosion even at
chloride concentration of 10% or 7% by mass respectively at 20 °C and
40 °C. The other steels showed corrosion initiation at 20 °C when
chloride concentrations of 6.5-10%, 7.5-8% and 3.5-6% were reached re-
spectively by grades 1.4311, 1.4362 and 1.4162. The increase in temper-
ature to 40 °C led to a considerable decrease in the critical chloride
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Fig. 7. Pitting potential (p) and upper limit of the passive range (for specimens that did not
initiate corrosion) obtained by potentiodynamic tests in saturated calcium hydroxide so-
lution at 20 °C and 40 °C with different chloride concentrations.

concentration to values of respectively 2-3%, 1-7% and 2% for the
three grades of stainless steel (a great variability was observed between
the two replicate specimens of 1.4362 steel).

4. Discussion

Results presented in the previous section allow an evaluation of the
resistance to chloride-induced corrosion of recently proposed low-
nickel stainless steels in comparison to that of traditional austenitic
stainless steels embedded in concrete exposed to temperatures typical
of tropical climates. The role of temperature was investigated by
means of tests in concrete and in solution. Tests in concrete were per-
formed with specimens with chloride mixed-in and penetrated. Chlo-
rides were mixed-in in order to reach high values of chloride (up to
8% by mass) at steel surface, expected to initiate corrosion on stainless
steel bars, difficult to achieve through ponding. Although this different
procedure of chloride-contamination may have some consequences
on the concrete (e.g. in the microstructure or in chloride binding [1]),
tests carried out at 20 °C showed a good agreement between results ob-
tained with mixed-in and penetrated chlorides.

By comparing of the corrosion behaviour of bars embedded in the
concrete specimens with different chloride contamination, an approxi-
mate estimation of the range in which the chloride threshold lays can
be made. Table 4 summarises the results of the tests in concrete show-
ing the conditions where corrosion evidence was found. Each column
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Fig. 8. Chloride content for pitting corrosion initiation (filled symbols) in potentiostatic
polarisation tests at 200 mV vs SCE in saturated calcium hydroxide solution at 20 °C and
40 °C (duplicate specimens).
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describes the sequence of events to which a bar of a specific steel grade,
which was embedded in concrete with a given chloride content, was
subjected, i.e. the exposure cycles at 20, 40, 50, 60 and again 20 °C
followed by potentiostatic polarisation at +200 mV SCE (at 20 °C)
and then by visual observation. Cells of the table are coloured in grey
when corrosion evidence was observed. For tests of free corrosion expo-
sure at different temperatures, this condition was associated with the
presence of both corrosion current density and corrosion potential
values outside the shadowed regions of Figs. 1-4. For the potentiostatic
polarisation tests, corrosion detection was associated with the presence
of a polarisation current density higher than 100 mA/m? at least on one
of the replicate bars. Finally for the visual observation, corrosion was
associated with the presence of at least a pit on one of the replicate
bars (even a tiny and shallow pit). Results obtained on concrete with
different w/c ratio were considered collectively, since no significant
effect of w/c ratio could be observed with the tests described in this
work.

Table 4 shows that exposure at high temperature (from 40 to 60 °C)
and 90% R.H. caused a decrease in the corrosion resistance of stainless
steels. Traditional austenitic stainless steels, showed higher corrosion
resistance compared to low-nickel duplex stainless steels. Austenitic
stainless steel grade 1.4311 showed corrosion initiation only in the
bars embedded in concrete with 5 and 8% of mixed-in chlorides by
mass of cement. Corrosion initiation, however, was detected only at
50 °C in concrete with 8%Cl™ and 60 °C in concrete with 5%Cl™. In the
latter, when temperature returned at 20 °C corrosion current density
similar to values typical of passive condition was determined and
even during subsequent potentiostatic tests at +200 mV corrosion
was not detected. This suggests that at 20 °C corrosion attack does not
propagate, probably due to repassivation of the corrosion attacks previ-
ously initiated during exposure at 60 °C [35,36].

In the specimen with penetrated chlorides (2.5% chloride in Table 4),
no corrosion was detected during high temperature cycles. However,
corrosion was detected during the potentiostatic tests and it was con-
firmed by the observation of shallow pits on the surface of the bars at
the end of the tests. The initiation of corrosion during the potentiostatic
step suggests that, although corrosion did not occur at the free corrosion
potential, its initiation was in an incipient state, since a slight increase in
potential promoted it.

Austenitic steel 1.4406 showed a slightly worse behaviour compared
to 1.4311. In fact, corrosion initiated also in concrete with 3% Cl~ at
60 °C, and in concrete with 8%Cl™ it was detected even at 40 °C
(Table 4); also for this type of stainless steel no propagation of the cor-
rosion attacks [35-38] was measured when temperature returned to
20 °C. Conversely, in tests in solution 1.4406 steel showed the best cor-
rosion behaviour. No corrosion was detected during potentiostatic
polarisation tests in alkaline solution at 20 °C and 40 °C up to 10% and
to 7% of chloride by mass respectively (Fig. 8). Similarly, in potentiody-
namic polarisation tests at 40 °C corrosion took place only in the
presence of 3% of chloride and at potential values higher than 300 mV
vs SCE (Fig. 7).

The lower corrosion resistance observed for this steel embedded in
concrete, compared to the less alloyed 1.4311 steel, can be associated
to the presence of mechanical defects (scratches generated during
manufacturing, Fig. 6) which promoted pitting corrosion initiation,
overwhelming the effect of the presence of molybdenum (element
that anyway may have a minor beneficial effect on the corrosion resis-
tance of stainless steels in alkaline environments, as observed in [15]).
A size effect may explain differences between tests in solution and in
concrete. Small specimens (length of 15-20 mm) were used for tests
in solution, which were selected to avoid the presence of surface defects
visible to the naked eye; conversely, in concrete tests the length of the
bars was of about 150 mm, thus the probability to include defects on
the steel surface increased.

In both the low-nickel duplex stainless steels corrosion took place in
concrete with 3% of mixed-in chloride by mass of cement even during

exposure at 20 °C (Table 4). Corrosion current density further increased
at higher temperature (Figs. 3 and 4) leading to penetrating corrosion
attacks (Table 3) on a large portion of the steel surface (Fig. 5).

No corrosion was detected in the specimens with penetrated chlo-
ride on the bars of 1.4362 grade steel. Conversely, on 1.4162 steel,
with lower nickel content (1%) and about 4% manganese, corrosion
was detected even in the specimens with penetrating chloride begin-
ning from the step at 40 °C (Table 4). This confirms the lower corrosion
resistance for this steel, which was also observed with the tests in solu-
tion (Figs. 7 and 8). The low corrosion resistance of this steel should be
attributed to the low nickel and high manganese content. The negative
effect of manganese on the pitting corrosion resistance of stainless
steels was reported by the other authors [38-40]. Also the microstruc-
ture may have a negative effect on the corrosion resistance, in fact a
high percentage of ferritic phase (47%) was observed (for 1.4362 steel
the ferritic phase was of 37%) [16].

Although any estimation of the chloride threshold for corrosion ini-
tiation of steel bars in concrete is quite difficult and should be supported
by a large number of experimental results which allow a statistical
analysis, some general features can be delineated. It should be observed
that the actual corrosion behaviour of stainless steel bars also strongly
depends on the surface condition (being reduced, for instance, by
oxide layers not properly removed after the production). Therefore,
the following numbers can only be considered as indicative values for
a comparison of bars with composition and microstructure similar to
that of the bars tested in this work and with the surface cleaned by
pickling.

For the austenitic stainless steels 1.4311 and 1.4406 a decrease of the
chloride threshold from values higher than 8% by cement mass in mild
environment (20 °C), to 5-8% at 40-50 °C and to 2.5-5% at extreme
temperature of 60 °C can be estimated. For the low-nickel duplex stain-
less steels 1.4162 and 1.4362 lower values of 2.5-3% by cement mass
could be assumed even in temperate climates (i.e. considering results
at 20 °C).

5. Conclusions

In hot and moist environments contaminated by chloride ions, tradi-
tional austenitic stainless steels 1.4311 and 1.4406 showed a higher cor-
rosion resistance compared to low-nickel duplex stainless steel 1.4362
and 1.4162. On the latter steels, pitting corrosion took place in concrete
with 3% of mixed-in chloride by mass of cement even during exposure
at 20 °C. The increase of temperature to 40 °C caused corrosion initia-
tion on 1.4162 stainless steel even in concrete with 2.5% Cl ™. By increas-
ing the temperature up to 60 °C a further increase in corrosion rate was
detected, leading to penetrating corrosion attacks on a large part of the
steel surface.

Austenitic stainless steels showed no corrosion initiation at 20 °C in
concrete with up to 8% of mixed-in chloride by cement mass, whilst cor-
rosion took place in concrete with 8% Cl~ at 40-50 °C and 3-5% Cl™~ at
60 °C. Moreover negligible corrosion rates were measured when tem-
perature was restored at 20 °C, suggesting no propagation of the corro-
sion attacks in all the bars in concrete contaminated with less than 8% of
chloride.

The higher corrosion resistance of the traditional austenitic stainless
steels was confirmed also by tests in alkaline solutions contaminated by
chloride. Duplex 1.4162 stainless steel exhibited the lowest corrosion
resistance; at 40 °C pitting potentials reached values as low as 200 mV
vs SCE in the solution with 3% of chloride by mass and pitting corrosion
took place with 2% of chloride during potentiostatic polarisation tests
(at 200 mV vs SCE). Austenitic 1.4406 stainless steel showed the best
corrosion behaviour; no corrosion was detected during potentiostatic
polarisation tests at 20 °C and 40 °C up to 10% and to 7% of chloride
by mass and only at 40 °C a pitting potential value higher than
300 mV vs SCE was observed.
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