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Influence of the forming process of corrugated stainless steels on their
corrosion behaviour in simulated pore solutions

E.C. Paredes, A. Bautista*, S.M. Alvarez, F. Velasco

Material Science and Engineering Department - .A.A.B., Universidad Carlos Il de Madrid, Avda. Universidad 30, Leganés, Madrid, Spain

ABSTRACT

Stainless steels are formed by either hot working (HW) or cold working (CW) when used as reinforcement
for concrete structures. The influence of the forming process on the corrosion behaviour is analyzed in
depth in the present work. CW and HW corrugated bars of austenitic AISI 304L and 316L, and duplex
SAF 2205 grades are studied. The electrochemical behaviour of the corrugated surface and the core of
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these materials are characterized by Mott Schottky analysis and polarization curves. Tests are carried
out in both carbonated and non carbonated Ca(OH), solutions. The microstructure and local mechanical
properties of these materials are also analysed by means of universal hardness (UH) measurements to
complete available information. The results prove that the surface of corrugated bars is far more likely
to suffer corrosion than the core of the same material. The corrosion probability and the morphology
of the attack induced in corrugated surfaces by anodic polarization clearly differ in HW and CW bars.

1. Introduction

The corrosion resistance of stainless steel in mortars or concrete
is much higher than that of the carbon steel traditionally used as
reinforcement [1 4]. Simulations of chloride penetration into con
crete exposed to periodic de icing salts predict that the time until
corrosion initiation may increase 100 years or more for concrete
structures when stainless steel reinforcements replace carbon steel
[5].

A problem initially posed by the use of stainless steel reinforce
ments was that these materials must meet the mechanic require
ments offered by carbon steel in terms of yield strength, stiffness
and ductility, so as carbon steel can be easily substituted as struc
tural material [6]. Stainless steels are typically softer than carbon
steel. A simple stainless steel cladding of carbon steel bars proves
very sensitive to surface defects in the material [5]. From the view
point of corrosion, the most reliable option is the application of a
specially designed hardening treatment. Although this treatment
makes the product somewhat more expensive, it provides stainless
steels with the appropriate mechanic features. Reinforcements of
different types of both cold worked (CW) and hot worked (HW)
stainless steels can be currently found in market. CW is usually
employed for bar diameters over 11 12 mm, while HW is more
appropriate for higher diameter bars.

Some studies analyse the influence of processing on the tensile
results of corrugated stainless steels [7]. The presence of
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corrugations was observed to modify the tensile properties and
the fatigue behaviour of stainless steel. Worse results are obtained
when testing stainless steel bars with corrugations than when they
are eliminated [8].

Regarding the corrosion behaviour of stainless steel in concrete,
their performance was proven to depend on the pH and composi
tion of the pore solution. As expected, chloride concentration leads
to increase the risk of pitting corrosion in stainless steel [9 13].
Most authors also agree in the fact that higher alkalinity in the pore
solution has a positively impact on the corrosion behaviour of
stainless steel [10 13]. The influence of the alloying elements in
base metal on the corrosion behaviour in simulated pore solutions
was also studied [10 15], as well as the influence of scales on
stainless steel surface [5,11,16]. However, no deep study on the
possible influence of the processing method, and thus, of the
microstructure, on the corrosion behaviour of corrugated stainless
steel could be found in literature.

Studies carried out in neutral and acidic conditions show up a
likely relationship between mechanical hardening induced in
stainless steels and their pitting behaviour [17,18]. Pit develop
ment in stainless steels is postulated to depend on metallurgical
factors such as stresses, density of dislocations, and preferential
orientation of the crystallographic planes. It has been proven that
the influence of the forming process on pitting can change with
the stainless steel composition and the pH and contaminants in
the environment [19].

Pitting has also been previously related to the stoichiometric
characteristics of the passive layers. The stoichiometry of passive
layers on stainless steels has been previously evaluated using
Mott Schottky analysis [20]. This approach allows to obtain



information about the type of stoichiometric deviation of the oxi
des that form the passive layer under different circumstances, as
well as to quantify the amount of defects. Recent results prove that
stoichiometry of the passive layers in stainless steels is modified by
the pH [21,22], oxidation temperature or the formation potential
[23]. The ability of the method for detecting changes in the passive
layers due to the forming process has not been checked up to now.
Hence, it is interesting to evaluate how the forming processes of
stainless steel reinforcements can affect the characteristics of the
passive layers and the corrosion behaviour in concrete.

There are some experimental evidences seem to prove that cor
rosion always appear on corrugations when the real surface of the
stainless steel reinforcements is tested [10,12]. However, a great
amount of the recently published work on stainless steel corrosion
performance in simulated pore solutions used polished sections of
stainless steels embedded in resin [5,7,9,13,24 26], and sometimes
the samples had been cut from stainless steels that had not been
processed as corrugated bars [27 30]. In these cases, the possible
influence of the forming method and the characteristic microstruc
ture of the corrugations were not considered. Though corrosion
tests were carried out on the real surface of the reinforcements
in some studies [5,10,12,16], the possible influence of the forming
process on the pitting resistance of the material and on the corro
sion mechanism was not analysed.

The aim of the present paper is to use different techniques of
obtain new information about how the forming process can affect
the corrosion behaviour of stainless steels in simulated pore solu
tions. With this objective, results obtained with HW and CW bars
of similar chemical composition are analyzed and compared with
results obtained for samples of the core of the bars.

2. Experimental procedure

Three different stainless steel grades were considered in this
study: AISI 304L, AISI 316L and SAF 2205. These grades were
selected because of their current market importance. Their charac
teristics and corrosion performance were analysed when manufac
tured by both HW and CW. All the corrugated bars were processed
by the Spanish manufacture company Roldin S.A. (ACERINOX
Group). The diameters and chemical compositions of the six corru
gated stainless steel grades are shown in Table 1.

The tensile properties of the corrugated stainless steels can be
seen in Table 2. It is noteworthy mentioning that the yield strength
of the HW corrugated bars double that of materials with the same
composition processed by HW for other more traditional applica
tions [31]. The usual information about the mechanical properties
of the bars obtained from tensile tests was supplemented with the
more localized studies carried out through universal hardness (UH)

Table 2
Tensile mechanical properties of the corrugated stainless steels considered in the
study.

AISI 304L AISI 316L SAF 2205

cw HW W HW cw HW
YS (MPa) 580 580 656 603 968 583
UTS (MPa) 747 780 822 800 1156 855
Elongation (%) 38 15 26 12 12 33

measurements. Results were obtained on cross sectional, metalo
graphically prepared samples of the bars. Measurements were car
ried out on the corrugation and at the centre of the bars. Tests were
performed at a load rate of 1 mm/min using a maximum load of
20 N. UH plastic hardness, indentation modulus, and mechanical
work (together with the elastic and plastic parts of the indentation
work) were measured. Microhardness was measured at the same
time in each point. All results are the average of about 15 measure
ments. Some theoretical background about this characterization
method can be found elsewhere [32].

The microstructural study of stainless steels was carried out on
cross sections of the corrugated bars. Metalographically prepared
specimens were chemically etched to reveal their microstructure.
For austenitic stainless steels, aqua regia (HCI+HNOs3 solution)
was used as a reagent agent, while the Bloech and Wedl reactive
(HCl + K5S,05 solution) was used for duplex grades. Grain size in
stainless steel was measured on the bulk of the bars and on the
corrugation according to the ASTM E112 standard.

Electrochemical polarization studies were carried out on the
corrugated surface of stainless steel reinforcing bars. A 2 cm long
surface area of the bars was immersed in the test solution. Neither
the microstructure of the corrugated surface nor the usual indus
trial passivating treatment were modified. The influence of the
industrial passivating treatment on the protecting nature of the
passive layer had already been suggested in the bibliography
[14]. The cross section of the bars was also exposed to the solution,
although it had been previously ground to 320 and passivated (50 s
in 12% HNO5 (w/w)). Experimental evidence demonstrates that the
attack never localizes in the cross section, so the measurement of
the length of the passive region obtained under these conditions
always corresponds to that of the corrugated surface. No risk of dif
ferential aeration corrosion exists for corrugated stainless steels in
alkaline media with this cell configuration.

Materials were polarized in eight different simulated pore solu
tions at room temperature. Fresh, saturated Ca(OH), solutions
(pH~ 12 13) were used to simulate non carbonated concrete.
Solutions where the pH had been reduced to about nine by bub
bling CO, enriched air were used to simulate carbonated concrete.

Table 1
Nominal diameter and chemical composition of the six corrugated stainless steels considered in the study.
AISI 304L AISI 316L SAF 2205
cw HW cw HW cw HW
Diameter (mm) 12 16 6 16 12 20
Chemical composition (% w/w)
C 0.023 0.026 0.018 0.013 0.029 0.020
P 0.031 0.027 0.03 0.029 0.029 0.018
S 0.001 0.001 0.002 0.003 0.001 0.003
Si 0.361 0.298 0.365 0.351 0.387 0.374
Mn 1.448 1.420 1.441 1.782 1.721 1.665
Cr 18.30 18.37 16.97 16.76 22.49 2217
Ni 8.675 8.740 11.21 11.17 4.721 4.710
Mo 0.275 0.275 2.081 2.504 3.221 3.500
N 0.0507 0.0549 0.0476 0.0443 0.1743 0.1778
Cu 0.487 0.506 0.497 0.257 0.237 0.093
Fe Bal. Bal. Bal. Bal. Bal. Bal.




At both pHs, tests were carried out in solutions without chlorides
and with three different amounts of NaCl (0.5%, 1% or 5% (w/w)).
Polarization curves were performed after 17 h of exposure of the
reinforcements to the simulated pore solutions, as meaningful
change in passive layer composition was observed to take place
during the first hours of immersion [14,15]. Saturated calomel
electrode (SCE) was used as a reference electrode. A mesh of AISI
316 stainless steel that surrounds the working electrode acted as
counter electrode. The sweeping rate of the potential was
0.17 mV/s, following the advice of the ASTM G61 standard. The
current limit for reversing the sign of the potential sweep was
10~* A/cm?. The multiplicity of measurements (3 4) assures the
reliability of the results.

For checking the effect of the corrugations, polarization studies
were repeated. In these cases, the corrugated bars had been
machined to cylinders and the surface of the cylinders had been
ground to 320.

The morphology of the attack after the corrosion tests as well as
the influence of the microstructure were studied by optical
microscopy.

The semiconducting properties of the passive layer were mea
sured using Mott Schottky analysis. To obtain these results, capac
ities were measured at 1 kHz. Cathodic polarization was applied. The
polarization swept from +600 to —1300 mV vs. SCE, with 5 mV/s
scanning rate. The usual electrochemically or thermally forced gen
eration of the passive layer was not used, but the passive layers were
left to modify spontaneously along 48 h in the medium of study.
Hence, as realist as possible working conditions were favoured.

The electrochemical cell configuration used in Mott Schottky
studies was similar to that used in polarization curves, as well as
the specimens used to study the behaviour of the corrugated

surface and the material at the core of the bars. The media consid
ered also included non carbonated and carbonated Ca(OH), satu
rated solutions, yet always without chlorides. The number of
measurement repetitions was four to assure the scientific rele
vance of the obtained results. Since this is a relatively new tech
nique, carbon steel corrugated bars were included in this part of
the study for comparison purposes.

3. Results and discussion
3.1. Local mechanic properties and micro structural characterization

The results of the localized micro hardness measurements cor
responding to UH can be seen in Fig. 1. A clear parallelism can be
observed between hardness and the results of tensile strength
and yield strength obtained in more traditional tests (Table 2).
The obtained UH results prove that the corrugations are always
far harder than the core of the bars. Greater differences were
observed between core and corrugation in HW grades than in
CW ones. Small hardness difference was observed between HW
and CW corrugations for the same type of stainless steel. On the
other hand, the amount of plastic work (W) is inversely related
to hardness (Fig. 1b). Thus, corrugations (which are harder than
cores) present lower Wy values. The evolution of the other
parameters obtained from UH measurements and non plotted in
the figure (indentation module, mechanical work and elastic work)
confirm these trends.

Local differences regarding mechanical behaviour in the differ
ent areas of the corrugated bars can be explained by the differences
observed between the microstructures of corrugations and cores.
Corrugations always have smaller grain size than cores (Table 3).
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Fig. 1. Local mechanical properties measured on the corrugation and on the centre of the studied reinforcing stainless steels: (a) universal hardness (b) plastic work.



Table 3

Grain size on the corrugated surface and on the centre of the bar for the corrugated stainless steels considered in the study.

AISI 304L AISI 316L SAF 2205

cw HW cw HW cw HW
Grain size (um)
Corrugation 42+2 49+09 47 +4 29+03 2.7+0.2 1.8+0.1
Centre 51+3 6.6 +0.7 60+4 3.6+04 43+04 3.9+0.6

Fig. 2. Cross sectional views of the microstructure of the corrugated bars: (a) core of CW 2205 (b) outer region of CW 2205 (c) core of the HW 316L (d) outer region of the HW

316L.

This leads to lower hardness in the core than in the surface of the
bars. HW grades have smaller grain size than CW. This smaller
grain size explains the high yield strength of HW bars, in spite of
being processed at high temperature (Table 2). Besides, a striking
difference was observed between the grain sizes of austenitic
and duplex bars. Because of their reduced grain size, the corru
gated 2205 grades studied can be considered as microduplex
(duplex with average austenite grain size between 5 and 16 pm)
[33]. Microduplex stainless steels had been previously studied in
the bibliography mainly because of their markedly superplastic
behaviour at high temperatures [34].

Apart from the reduced grain size, deformation is another factor
that contributes to the greater hardness measured in corrugations.
Grain is more strained in the corrugations due to processing, which
led to the accumulation of stresses in this area. This can be ob
served both in corrugated CW grades (Figs. 2a, b) and HW grades
(Figs. 2c, d). The development of preferential texture in the corru
gation (Figs. 2b, d) implies the formation of low atomic density
planes in these regions. It has been suggested in literature that
the lower binding energy of the atoms in this less close packed
plane can result in enhanced diffusion rate for the atoms [19]. This
fact might modify the characteristics of the passive layer in the
corrugations.

3.2. Semiconducting properties of passive layers

The application of the Mott Schottky model to capacity (C)
measurements of stainless steels informs about the semi
conductive properties of oxides. The results presented in this work
prove that the semi conductive properties of passive layers on

corrugated stainless steels are affected not only by base metal
composition and medium features but also by material processing.
The representation of C~2 vs. potential (E) obtained for the different
stainless steels at frequencies dominated by the capacitive behav
iour of the passive layer give rise to Mott Schottky plots as those in
Figs. 3 and 4. At both pHs, two regions where C~2 varies linearly
with the potential can be distinguished for all stainless steels.
The negative slope at lower E corresponds to an oxide film that
behaves as a p type semiconductor. A positive slope can be ob
served in the plots for medium E values, indicating that the passive
layer also comprises an oxide films that behaves as an n type semi
conductor. Both regions are separated by a narrow E range where
the two oxides are in flat band conditions. This region of flat band
condition appears at lower potentials as pH in the medium
increases. Moreover, the behaviour of other n type semiconductor
can be guessed at high anodic polarizations.

It is well known that passive films on stainless steels usually
comprise an inner layer rich in Cr oxides and an outer layer rich
in Fe oxides/hydroxides [35]. When the tests are carried out in
carbon steel reinforcements, only the contribution of the n types
oxides appear on the plot (Fig. 5). This fact proves, as other authors
have also assumed before [23,35,36 38], that the oxides with
n type behaviour are Fe oxides, while the p type behaviour corre
sponds to the Cr oxide. The presence of different Fe oxides in these
alkaline conditions (Fe304, Fe,03, etc.) [14] may explain the com
plex structure observed in the high E region of the plots.

The doping densities of the oxides was calculated using the
Mott Schottky equation [35] and assuming a value for the relative
dielectric constant (&,) of the films of 12, as it has been previously
done by other authors [37,39]. The results on the doping density

4
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Fig. 3. Mott-Schottky plots for the passive layer formed on the corrugated surface
and on the core of HW 2205 and CW 2205 in non-carbonated solutions.
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Fig. 4. Mott-Schottky plots for the passive layer formed on the corrugated surface
and on the core of HW 2205 and CW 2205 in carbonated solutions.
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Fig. 5. Mott-Schottky plots corresponding to the passive layer on the corrugated
surface and on specimens for the bulk of reinforcing black steel bars. The layers
have spontaneously been formed in non-carbonated and carbonated solutions.

are shown in Table 4. In stainless steels, the density of donors in
the structure of n type semiconductive oxides is determined from
the slope observed in medium E. This density of dopants corre
sponds to oxygen vacancies that act as donors (Ng). n type
semiconduction means that energy bands rise to the electrolyte

[35]. That is, increased Ny would favour, from the viewpoint of
energy, the diffusion of aggressive anions such as Cl~ from the
exterior to the base metal and the diffusion of metallic cations in
the opposite direction. Both processes would favour corrosion.
Besides, increased Ny has also been experimentally proven to lead
to increased probability of pitting nucleation in passive layers gen
erated in stainless steel, although in conditions different from
those in the present study [20,39].

For stainless steel bars, Ny is always lower for specimens man
ufactured from the core of the bars than for those specimens of the
same corrugated materials (Table 4). This would indicate that the
Fe oxides appearing on corrugations are less protective than those
forming on the core material in stainless steels. The lack of stoichi
ometry in oxides on the corrugations might well be related to the
higher atomic disorder in the base metal shown in UH results
(Fig. 1). On the contrary, the black oxide layer that appears on
the surface of carbon steel bars during processing show more pro
tective semiconductive properties that the passive layer formed in
specimens for the core of the bar. When the corrugated black steel
bars are exposed to simulated pore solutions, Ny is lower than Ny
for the bulk material in the same conditions.

At first sight the high Ny values detected for duplex 2205 may
well seem somewhat striking when compared to those measured
for CW austenitic grades, when duplex is a better performing steel
against corrosion [10]. In this case, influence from grain size (lower
in duplex than in austenitic grades, as shown in Table 3) on oxide
stoichiometry cannot be discarded. The higher Cr content in 2205
grades (Table 1), which provides passive layers with greater
Cr,05 [14], may also imply that Fe oxide stoichiometry in these
grades becomes more conditioned by underlying Cr oxide stoichi
ometry than in austenitic grades.

In the studied stainless steel bars, the values of N; show that the
Fe oxides on the surface of HW grades have less oxygen vacancies
than those on the surface of CW grades (Table 4). The greater oxide
stoichiometry observed in HW grades may be related to the lower
stresses and strains involved by this forming procedure.

Ny is also observed to decrease as pH becomes increasingly
alkaline for the same material in both stainless and carbon steels
(Table 4). These results are consistent with Thermodynamics, as
the formation of (more stoichiometric) protective Fe oxides is more
thermodynamically favoured by pH 12 13 than pH 9.

In the Cr oxide layer, stoichiometric deviations are cation
vacancies that behave as acceptor dopants. Acceptor density (N,)
in Cr oxide was calculated from the slopes in the linear areas of
the Mott Schottky plots at low E. The penetration of aggressive
ions with Cl™ is inhibited in p type oxides [35]. It has been said that
pitting corrosion decreases as N, increases in the oxides [20]. Table
4 shows that greater N, tends to be observed for passive layers on
corrugations than on bar core. The passivation treatment applied
to the outer side of the corrugated bar, which favours Cr,05 forma
tion [14], could explain the higher N, values for the corrugations.
Other clear tendencies observed for Cr oxide in Table 4 include
that: (a) greater N, is observed in carbonated than in non
carbonated solutions, and (b) among CW processed bars, the
2205 grade has much higher N, under all conditions than austen
itic grades. This parallelism between Ny and N, values in the
passive layer is the expected in stainless steels with more than
15% Cr content [23,37]. The formation of Fe oxides and Cr oxides
in the passive layer is obviously interrelated as well as that greater
or lower stoichiometry in one of them definitely conditions the
stoichiometry of the other.

The duplex structure in passive layers hinders the direct extrap
olation of a relation between the conductivity of the passive layer
in stainless steels and the susceptibility to pitting corrosion, be
cause those factors that have a positive impact on the protective
nature of Fe oxides affect the Cr oxides negatively. Previous works
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Fig. 8. Polarization curves for HW 316L and CW 316L in carbonated solutions with
0.5% NaCl.

is a key factor when it comes to determine its corrosion behaviour,
as previously mentioned [14]. These other factors may well mask
the relation between defect density in the oxides forming the pas

sive layer and its stability in corrosive media [36].

The obtained results of the Mott Schottky analysis clearly
prove that the stoichiometric features of the passive layers
depend on stainless steel microstructure and processing. As it
has been commented, a big amount of the previous research on
the corrosion behaviour of stainless steels in concrete is carried
out with stainless steels processed in a different way or with differ
ent surface finishing from reinforcing bars. Mott Schottky data
suggest that the extrapolation from those results to the corrosion
behaviour of corrugated stainless steels can be risky.

3.3. Behaviour to anodic polarization of corrugated surfaces

The polarization curves of corrugated austenitic steels in non
carbonated Ca(OH), saturated solutions with different chloride
content also show clear differences due to the forming process.
As shown in Fig. 6, a well defined passive area and a clear pitting
potential (E,) can be observed in the anodic polarization curves
for CW austenitic grades (in the case of 304L in non carbonated
solutions containing 0.5% NaCl, E, would be 560 mV vs. SCE). Once
E, is exceeded, current intensity increases very quickly in CW
grades.

On the other hand, in HW austenitic grades, corrosion seems to
begin at lower anodic overpotential, usually with scarcely defined
E, (in the case of HW 304L in non carbonated solutions containing
0.5% NaCl may be around 140 mV vs. SCE). However, the increases
in corrosion intensity after the onset of the attack are milder than
in CW austenitic grades.

The influence of the type of forming on corrosion behaviour can
be ascertained by observing the data corresponding to the corru
gated bars of types 304L and 316L in chloride containing solutions

——HW 316L- Centre of the bar
e CW 316L- Centre of the bar
—— HW 316L- Corrugated surface
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Fig. 9. Polarization curves for the cores of HW and CW 316L bars in carbonated
solution with 1% NaCl. Curve corresponding to the corrugated surface of one of the
materials in that media is included for comparison.

in Fig. 7. To reach current intensities around 5 pA/cm?, which char

acterize active corrosion (Fig. 7a), higher anodic overpotentials are
reported in CW than in HW grades for the same austenitic types.
That is, corrosive attack is more likely to begin in HW than in
CW grades in aggressive media. If polarization continues, the dif

ferences observed between the overpotentials needed to reach a
specific anodic current intensity decrease. This can be seen for
the austenitic grades at 10~* A/cm? (Fig. 7b) and becomes particu

larly clear at high chloride contents. The shape of the curves of CW
and HW austenitic grades in low chloride concentrations suggests
that the curves would intersect at anodic intensities higher than
10~* A/cm?. This points out that, although corrosion in CW grades
requires more powerful corrosion cells to start than in HW grades
with the same composition because their higher E,, the attack in
CW grades progresses more dangerously once it has started.

For non carbonated solutions without chlorides, the six materi
als are completely corrosion proof in the tests and the overpoten
tials represented in Fig. 7 correspond to reaction of decomposition
of water. In these cases, the plotted overpotentials exhibit always
similar values. However, the overpotentials of duplex grades at
5 uA/cm? are an exception, being lower than those of the austenitic
grades in the same conditions. Due to the higher Cr content of the
duplex stainless steels (Table 1), oxidation from Cr(Ill) to Cr(VI)
[12] is observed to contribute to a great extent to the anodic polar
ization curve in this area.

Duplex 2205 grades, regardless of chloride content of the med
ium and the forming method, were immune to corrosion in the
performed tests. All the polarization curves obtained for 2205 are
rather similar. This can be checked in the similarity of the data cor
responding to HW and CW 2205 grades in Fig. 7a, b.

The influence of the forming conditions in carbonated media
observed in austenitic grades is similar to that observed at higher
pH levels (Fig. 8), but carbonation has a detrimental effect on the

Table 5
Parameters obtained from the polarization curves in carbonated, saturated Ca(OH), solutions with different chloride contents.
AISI 304L AISI 316L
% NaCl 0.5 1 5 0.5 1 5
A(Mew — Maw)max (MV) 130 116 96 260 172 4
iz (Ajcm?) 107 6x10°8 3x10°8 13x10°° 2x1077 1.3x1077
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Fig. 10. E, values obtained for the core of the bars in carbonated and non-carbonated solutions with chlorides. Black bars represent systems where water decomposition

conditions are reached, and pitting does not takes place.

corrosion behaviour of austenitic stainless steels as it has been
observed and justified previously [10,14]. The onset of corrosion
occurs at lower anodic overpotentials for HW grades. However,
when corrosion appears in CW grades, it progresses quicker than
in HW. For corrugated CW austenitic steels, within a specific inten
sity interval, the anodic overpotential needed to reach a certain
intensity (#cw) is always higher than that needed by HW bars with
the same composition (7uw). Table 5 shows the maximum differ
ences between 1w and 1w reported by polarization curves of cor
rugated 304L and 316L in carbonated solutions, as well as the
anodic intensity (i,) at which the difference ncw — 7uw becomes
maximum for each type of stainless steel and Cl~ concentration
in the medium. In Fig. 8 both parameters at plotted.

Table 5 shows that the lower the aggressiveness of the medium
is, the greater the influence of the forming conditions on the shape
of the polarization curves is. This has been concluded from the fact
that the parameter used to quantify the influence of the forming
process (Hcw — Huw)max decreases as chloride content increases.
Another outstanding fact is that these maximum differences
between the HW and CW curves for the same grade appear at pro
gressively lower i, depending on chloride content, this corroborat
ing the fact that these processing related differences could become
less meaningful in highly aggressive media where highly powerful
corrosion cells would appear.

In carbonated media the 2205 grade proves itself immune to
corrosion under all studied conditions, regardless of its forming
method.

3.4. Behaviour to anodic polarization of the bar cores

Different results are obtained when polarization curves are car
ried out in specimens machined from bar cores, whose microstruc
ture clearly differs from that in bar surface (Table 2 and Fig. 3). An
example of these differences between corrugated surface and core
material is shown in Fig. 9. Corrosion resistance of bar cores is
much greater than that of the corrugated surfaces of the same bars
under the same conditions. Anodic polarization of both HW and
CW bar cores always shows a clearly defined passive area and
much higher E,, than those detected for corrugated surface. Several
researches show that pitting onset can be directly related to the
hardening processes occurring in the outer part of the bars
(Fig. 1) [17,40]. This difference of behaviour between bar core

Fig. 11. Cross-sectional views of the morphology of the pits in corrugated surfaces
after polarization in solutions with chlorides: (a) CW 304L; (b) HW 304L
(predominant way of attack); (c) HW 304L (detail of the most strained region).
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Fig. 12. Cross-sectional views of the morphology of the pits in specimens manufactured from the cores of the bars after polarization in solutions with chlorides: (a) HW 304L;

(b) CW 304L.

and corrugation may also be related to the higher Ny values
obtained for the passive layers formed in the corrugated surfaces
of the cores of the same material under identical exposure condi

tions (Table 4). These data prove that the corrosion resistance of
stainless steels in concrete may easily be overestimated when
the specific features of the corrugations are not considered.

The E,, obtained from the polarization tests completed in the bar
core of austenitic grades are shown in Fig. 10. It is important to
highlight that the potentials corresponding to non carbonated
solution of the HW 304L containing 1% NaCl and the HW 316L with
1% and 5% NacCl (black bars in the figure) do not correspond (be
cause of the shape of the curves) to pitting corrosion processes
but to water decomposition. That is, the materials plotted in black
bars are immune to corrosion in the carried out tests. If E, values
are compared for the same stainless steel and medium composi
tion, it can be observed that differences in the corrosion behaviour
of HW and CW bar cores are smaller than those due to forming
process when the study is completed on bar surface. Unlike
corrugations, the forming method bears little significance in the
corrosion behaviour of bar cores. However, results suggest that
HW cores tend to be slightly more corrosion resistant than CW
cores.

The present results suggest that the stoichiometric features of
the Cr oxide (N,) may have a significant impact on pitting onset,
while attack speed may be influenced to a greater extent by Fe
oxide stoichiometry (Ng). However, it seems rather obvious for
stainless steels in alkaline media that no easily recognisable rela
tionship between the results of capacity and corrosion behaviour
studies can be obtained. It is due to the complex structure of the
passive layers (formed by Cr and Fe oxides of changing nature
and different thickness ratios depending on the base material
and medium). The possible masking of the effect of stoichiometry
on pitting behaviour by other characteristics of the passive layers
should also be considered.

3.5. Study on attack morphology

The different shape of polarization curves depending on the
microstructure of the corrugated bar corresponds to different at
tack morphologies. Thus, polarization of CW austenitic grades in
media with chlorides, in both carbonated and non carbonated
solutions, gives rise to the appearance of globular pitting on the
bar surface (Fig. 11a). Pits tend to appear in the most strained area
of the corrugations, characterized by greater stress (Fig. 1).

The prevailing attack morphology in austenitic HW is very small
pits (Fig. 11b), that are numerous and well distributed on those
areas with greater mechanic strains (Fig. 2d). This type of morphol
ogy explains the curve shape observed for HW grades (Figs. 6 and
8), where passive layer breakage does not lead to abruptly increas

ing intensity, unlike it occurs with CW grades. The morphological
study of the attack confirms that for HW grades, where corrosion
develops for lower anodic overpotentials, attack tends to adopt a
less aggressive mechanism. The greatest danger of localized vs.
generalised corrosion becomes particularly relevant when dealing
with concrete reinforcements. The tensile stresses created in con

crete by localized corrosion of the reinforcements are far more
dangerous than stresses created by uniform corrosion. The pres

sures to cause cracking of the concrete cover under non uniform
corrosion conditions are proven to be much smaller than under
uniform corrosion [41].

Another fact that can be drawn from the study of the morphol
ogy of the attack is that the shape of small pits in HW grades is of
ten conditioned by microstructure deformation (Fig. 11c). It must
also be pointed out that a few big pits, similar to those observed
in CW grades, were also observed for HW austenitic grades after
testing.

The pits caused by polarization tests in HW specimens ma
chined from the bulk of austenitic bars clearly differ from those
appearing on the surface of HW bars (Fig. 12a). After the polariza
tion test, pits, when they appear, are large and exhibit globular
shape. In samples manufactured from the core of CW austenitic
grades, globular pits also appear, but in this case they develop in
an interconnected way (Fig. 12b).

4. Conclusions

—_

. The forming process of the corrugations strongly modifies the
microstructure of the stainless steels and it has an important
effect on the characteristics of the passive layers and on the cor
rosion behaviour of the stainless steels.

2. The stoichiometry of the oxides that form the passive layers of
the stainless steel corrugated bars is higher in the bar core than
in the corrugated surface.

3. In the studied simulated pore solutions, CW bars have less
stoichoimetric passive layer than HW bars.

4. Cr and Fe oxides in the passive layer of stainless steels exhibit
higher N, and Ng respectively, in carbonated than in non
carbonated media.

5. The core of the corrugated bars presents much lower pitting
probability than bar surface. Besides, the morphology of the
anodic polarization induced attack is clearly different.

6. Less powerful corrosion cells are needed for corrosion onset in
the corrugated surface of HW grades than in CW grades with
identical composition.

7. If the attack of the corrugated surface starts in CW grades, it

tends to develop in a more localised and faster manner than

in the corrugated surface of HW grades.
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