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Manganese is a key component in low-cost SS formulations when nickel is replaced by Mn. Passive
layers grown on Cr18Mn12 free-nickel SS samples after immersion in saturated Ca(OH), and Portland
cement extract test solutions, containing different chloride additions, were studied. The corrosion
behavior of the passive films was monitored at open circuit potential in both alkaline solutions. In the
presence of chloride ions the passivation process is perturbed and competes with the dissolution one.
The surface becomes irregular, rough and Mn was found enriched in areas of non metallic inclusions in
the passive layer, while the Fe/Mn and Fe/Cr ratios tend to decrease. The formed film is N-richer at the
metal-oxide interface, as a consequence of its anodic segregation during dissolution-passivation
process. Surface protuberances in the morphology of the SS could be explained in terms of unattacked
oxide inclusions that still remain in the formed passive film or due to manganese insoluble compounds,
which aid the corrosion resistance of the studied steel.
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1. INTRODUCTION

Concrete reinforced structures are usually very resistant to corrosion phenomena, because the
alkaline concrete environment (pH 12 -/13) passivates the steel by the formation of an iron
oxide/hydroxide layer [1]. However, the reinforced concrete can deteriorate when voluminous
corrosion products are formed on the steel surface, even when a high pH in the concrete is maintained,
due to the presence of CI" ions and moisture that can lead to pitting corrosion and breakdown of the
grown passive layer. Carbon (mild) steel is the primary metal used for reinforced concrete, however,
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interest in the use of austenitic stainless steel (SS) has appeared, to assure higher durability of structure
exposed to aggressive environment [2]. The interest in SS is a result of its resistance to a great variety
of environments and its property of self-regeneration after partial destruction of its passive film.
Attempts have been made to develop austenitic stainless steel with replacement of nickel with other
cheaper austenite stabilizers such as manganese (Mn), to decrease the SS cost. Manganese is a key
component in low-cost SS formulations, which may contain up to 16% Mn, when nickel is replaced in
part or entirely by Mn (nickel-free SS). But Mn is not as effective austenitic stabilizer as Ni, and this
problem can be solved by combining Mn with nitrogen (N) in these SS alloys. Nitrogen also improves
resistance to localized corrosion, and has several other benefits such as increased strengthening and
retardation of sensitization [3-7]. It is known for the manganese detrimental effect on the pitting
corrosion resistance, associated with the formation of non-metallic Mn type of inclusions, which could
serve as initiation sites for localized pitting corrosion, but it has been found that the growth of stable
pits only occurs close to inclusions with sizes above 0.7 um [8-10]. Three types of inclusions have
been described: MnS, multielement (Cr, Mn) oxides, and mixtures of sulfides and oxides, stating that
the multielement oxide inclusions either did not initiate pits or initiated small corrosion sites which
repassivated before significant dissolution occurred.

One of the nickel-free SS, considered as possible cheap alternative, that could substitute the
conventional Cr-Ni SS (AISI 304), is the steel Cr18Mn12N. Its well-balanced chemical composition
preserves the SS austenitic structure formation, as does nickel, and allows a suitable thermal treating,
without lowering the Cr percentage. This SS (nickel-free) is considered as high nitrogen alloyed
austenitic steel (HNS), because its nitrogen content (0.61 wt/%) exceeds 0.4 wt.%. Because of their
many different excellent properties HNSs are finding applications in several branches of industry,
almost always requiring high corrosion resistance.

The present work aimed to study the corrosion behavior of Cri8Mn12N stainless steel samples,
after their exposure to a Portland cement extract solution that simulates concrete pore environment, in
presence and absence of NaCl. An attempt was also made to correlate the passive film composition
(SEM-EDX) and topography (AFM) with SS behavior. Studies of steel corrosion in reinforced
concrete are principally concerned with the behavior of carbon steel, and the information about
stainless steel in alkaline media, and especially in CE solutions, is scarce. Besides, researches and
proposed mechanisms, related with manganese SS corrosion behavior, have been referred mainly to
tests in acid environments.

2. EXPERIMENTAL

Cement paste hydration mainly involves the reaction of Ca3SiOs (or 3Ca0.SiO;), Ca,SiO, (or
2Ca0.Si0y), and other calcium containing minerals with free water to form Ca(OH), (~/30%), calcium
silicate hydrate (Ca0.2Si0,.4H,0), and an amorphous gel containing several ions (e.g. AI**, Fe®",
S0,%). The alkaline Ca(OH), containing solution remains in the pores of the hydrated cement during
its curing process. This solution has a large buffer capacity and acts as a diffusion barrier to corrosive
agents to the metal surface [11]. Corrosion of reinforcing steel is governed principally by the
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microstructure of the solid cement phase, the aggressiveness of the electrolyte (CI') inside the concrete
pores, and the microstructure of the passive oxide layer formed on the steel. Corrosion of steel
embedded in concrete is a subject of discussion regarding to instrumental techniques and data
interpretation. Difficulties in experimental measurements include the electrode and cell designs (e.g.
the position of the reference and counter electrode) [12], the large potential drop (IR) in concrete and
its compensation, the development of macro-corrosion cell [13], the restriction of oxygen diffusion,
etc. An alternative approach, which avoids many of the above difficulties, is to use electrodes
immersed in model solutions that simulate the concrete pore solution environment. Model solutions
allow one to obtain comparative results and the control of some parameters, which is difficult to
accomplish in reinforced concrete samples. Many model solutions have been proposed, including the
use of a saturated aqueous Ca(OH), solution (pH 12-13) [14-17], aqueous KOH and NaOH [18-20]
and cement extract (CE) solutions [16-21]. The most common model solution is saturated Ca(OH),
however, the real composition of concrete pore solution is complex, since it includes a number of other
compounds besides Ca(OH),. In our previously reported studies two model solutions, saturated
Ca(OH); and CE solution both at pH 12.79 +/0.2, in open air and at room temperature were used to
simulate the corrosion behavior of mild steel and AISI 316 rebar in the concrete pore environment.

2.1. Samples and experimental solutions

Samples of Cr18Mn12N (nickel-free) stainless steel were prepared by cutting plate of 8 mm of
diameter. The reported SS chemical composition is (wt.%): Cr 16.50, Mn 12.00, Si 0.30, N 0.61, C
0.04 and the balance Fe. The austenitic structure of this SS was obtained upon quenching in water after
heating at 1100°C. Oxides and oxide-sulphides were mainly detected as non-metallic inclusions in the
steels. The surface samples were polished by grinding with 320, 600, 1500 and 2000 grit SiC paper.
Two model solutions were prepared with distilled deionized water and analytical grade reagents: (a)
saturated Ca(OH), solution (pH=12.7) and (b) CE solution (pH=12.9). Solution (b) was prepared from
1:1 wt./wt. mixture of type | Portland cement (CEM 1| 42.5R, BDS EN 197-1) with water. The mixture
was stored for 24 h and filtrated. All solutions were kept in closed containers before and after the
immersion of steel samples. Steel passivation was studied in the absence of chlorides and also in their
presence (0.5, 1.0, 3.0, 5.0 and 10.0% NaCl) at room temperature (20°C). The reported free chloride
threshold levels are in the range of 0.2 (1.6 %) to 1.8 M/L (10.4 %) of NaCl, or 0.1 to 6.0 [CI-]:[OH-]
ratio. For specific study cases, chloride threshold levels are close to 1.0 % by weight of concrete
(23000 ppm of CI" in concrete) as can be observed in Figure 1. This threshold level was obtained after
more than 60 years of exposure to the marine environment.

The open circuit potential (free corrosion potential) of the steel samples was measured during
24 hours in both experimental solutions, using GPHR 1400 Digital-pH/mV-Meter. The potentials are
referred to the saturated calomel electrode (SCE).



Int. J. Electrochem. Sci., Vol. 7, 2012 4124

3 -

[ OWest face Reb,a,f
25 4 o " position :
L South Face

Hhhﬂ

Threshold for stainless steel [24, 25]

LA

Threshold for carbon steel [24, 25]

0.5 4

Chlorides (% by weight of concrete)

12.5
17.5
22.5
275
325
375
425
475
52.5
57.5
62.5
67.5
72.5
77.5
82.5
87.5
92.5

Penetration depth (i)

Figure 1. Chloride concentration profiles in the girder # 9

2.2 SEM-EDX, XRD and AFM analysis

Scanning Electron Microscope - Energy-Dispersive X-ray Spectroscopy (SEM-EDX, SEM
Philips XL 30 ESEM TMP) was used to study the morphology and the elemental composition of the
passive layers formed on SS samples. The SS samples were examined after 30 days of exposure in
each model solution. The results were compared with those of the native passive film, produced in air
(before an immersion in model solutions).

The austenitic steel structure of Cr18Mn12N SS was determined by means of X-ray diffraction
analysis (Siemens D 5000 Diffractometer, with CuKa monochromatic radiation, A = 1.5418 A), using
Bragg-Brentano geometry (10 seg/0.02°, tube voltage of 30 kV and a current of 20 mA). Samples were
mounted with a beam incidence angle of 1° and detector scan rate of 2° /min.

The dimensional characterization of the formed passive films was conducted by means of
atomic force microscope (AFM), Anfatec Instruments AG of Germany, with a resolution of 0.45 nm in
X and Y at a scanning area of 30x30 micrometers and 0.078 nm in Z. A silicon nitride coated tip was
used, with a radius of curvature of 10 nm. The samples were scanned in about 512 points in the X and
Y axes, representing each an area of interest. MatLab software statistics was used for Gauss curve
fitting, mean roughness (Ra) and root mean square characterization of SS samples surface.

3. RESULTS AND DISCUSSION

3.1 Open circuit potential

Series of open circuit (free corrosion) potential (o0.c.p) values were acquired at Crl8Mn12N SS
samples (electrodes), during their immersion in both model solutions, and the oxide film was allowed
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to form without external polarization (Figure 2). Starting from negative value of -450 mV vs SCE,
corresponding to the native formed passive film on the steel in air, the SS surface tended to additional
passivation in the alkaline solutions and the o.c.p. shifted to more positive values. In cement extract
solution (CE) the anodic displacement is gradual and in 25 h the formed passive film stabilizes,
presenting 180 mV more positive o.c.p. value. In saturated Ca(OH), solution the gradual anodic shift
of o.c.p. as a function of time is not observed: in the first 5 h it tends to a more positive value and after
that period its returns to less noble potentials (lower anodic polarization). This fact suggests that in this
model solution the formed passive layer on Crl8Mn12N surface is different and probably having
lower corrosion resistance, then the passive one grown in CE model solution.

0.20
S 0.16 —e—CE
= —¢« CE + 1% NaCl
—a— CE + 5% NaCl
2 0.12 —=— CE+10% NaCl
ESI - © - sat. Ca(OH),
"5 0.08
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Figure 2. Anodic displacement (polarization) of the initial o.c.p. values of Cr18Mnl12N samples,
exposed to alkaline solutions at 20°C, as a function of time: saturated Ca(OH),; cement extract
(CE); CE + 1%, 5% and 10% wt NaCl.

It can be seen that when the SS surface is submitted to aggressive chloride ions attack, in CE
solution steel passivation process cannot be completed and the anodic polarization tendency is less
pronounced (Figure 2). The influence of chloride concentration on the measured steady state values of
o0.c.p. is shown in Figure 3. The results indicate that the presence of chloride ions and increase of their
concentration are very critical for the stability of initially grown passive layer on the steel surface in
absence of chloride. In cement extract solution (CE), where the o.c.p. reached more positive potential
in absence of chloride (-0.270 V), the passive layer still maintains more noble potentials, compared to
those in saturated Ca(OH),. In the region of critical concentration (0.5 — 1.0% NaCl) for the initiation
of steel corrosion in concrete (CE), the studied SS is well resistant (Figure 3). The o.c.p. potentials
shift to more negative values that reach at 10% NaCl approximately the initial o.c.p. (-450 mV), which
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corresponds to the formed oxide layer in air, before SS exposure to CE solution. This tendency is not
apparent for samples in Ca(OH), (Figure 3), due to the fact that o.c.p. in an absence of chloride
showed very poor tendency for anodic passivation (Figure 2).
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Figure 3. Values of o.c.p. of Cr18Mn12N samples after 24 h exposure to CE-extract and sat.Ca(OH)2
alkaline solutions, as a function of chloride concentration: 0.0; 0.5; 1.0; 3.0; 5.0 and 10% NaCl
(20°C).

Corrosion and passivation of stainless steels in alkaline solutions are relatively complex
processes that are not yet fully understood because the composition and structure of the passive layer is
still incompletely. This is partly because the passive films are so thin and because the structure should
ideally be studied in the wet electrochemical environment in which these films are formed. Giving
these findings, we recommend also electrochemical study under o.c.p., when the passive layer is
naturally formed, without external polarization. The composition of the passive layer (oxides or
hydroxides) and its structure (crystalline or amorphous) remains controversial, despite the use of in situ
and ex situ techniques [22, 23, 27].

3.2. Elemental chemical analysis of the surface of passive films formed on nickel-free SS

The passive films formed on stainless steel surface are of semiconducting nature, which exact
electronic structure is not fully known. The passive layer has a duplex structure: an inner part (p-type
semiconductor), mainly formed by chromium oxide, and an outer region (n-type), reach in iron oxide.
SS passive layer breakdown is a very complex and it is not fully understood. The existing models [27]
for SS breakdown are:
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a) Local thinning of the passive film in aggressive (CI°) environments;

b) “Mechanical” or electrocapillary, or electrical breakdown of the passive film precedes
local dissolution of the metal (pits formation);

C) CI" penetrates the passive film without destroying it; dissolution of metal occurs when

CI" reaches the metal and its concentration is high enough.

Figure 4 presents defects observed on Cr18Mn12N surface samples, after 30 days of exposure
in CE and sat. Ca(OH), alkaline solutions, reported as black spots, white spots and white flakes, or
areas where the passive film has not been formed or perturbed. SEM analysis reveals that the shining
“white flakes” are areas of electrically charged surface, due to its low electronic conductivity. This fact
corresponds to typical products, usually salts or non-metallic oxides, deposited on the surface, which

properties are dielectric.

Naturally air formed passive film (SEM x1000)

Cement extract (CE) solution (SEM x1000) | CE + 5% NaCl (SEM x1000)
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Figure 4. SEM images of defects observed on Cr18Mnl12N surface after 30 days of exposure in CE
and sat. Ca(OH)2 alkaline solutions, with the addition of 5% NaCl: black spots, white spots and
white flakes, or areas where the passive film has not been formed or perturbed.



Int. J. Electrochem. Sci., Vol. 7, 2012 4128

Table 1 report a resume of SEM-EDX elemental chemical composition of the surface of the
passive films formed on Cr18Mn12N SS after 30 days of exposure in alkaline simulated concrete
solutions. The results are compared to those of naturally air formed passive film as reference sample.

Table 1. Elemental chemical analysis (EDXA) of passive layers formed on Cr18Mn12N SS after 30
days of exposure in alkaline solutions (1-4), compared to naturally air formed passive film
(Reference sample).

Solutions Element 0] Fe Mn Cr C Si Ca
(Wt%) N

Passive film 3.8 616 11.2 175 27 25 0.7 -

(1) CE Black spots 4.1 586 10.7 168 68 26 04 -

Passive film 4.0 615 110 176 26 27 05 -
(2) CE + 5% NaCl Black spots 7.0 500 163 151 56 2.7 19 -
White spots 4.8 585 105 168 58 25 05 0.5

Passive film 3.5 62.7 111 173 25 22 0.6 -
Black spots 3.2 61.7 106 169 52 19 04 -

(3) Ca(OH)2 White 323 40 418 24 44 - 150 -
flakes
Passive film 4.1 63.9 106 175 3.4 - 0.5 -

ﬁgga(OH)Z + 5% White 154 303 54 89 247 - 153 -
flakes

(5) Reference sample Passive film 4.2 63.6 11.3 18.1 2.4 - 0.4 -
Blackspots 41 633 111 180 31 - 05 -

The elemental chemical analysis revealed several events:

o Manganese (Mn) was found enriched in areas of defects of the passive layers. Its
segregation could be explained in terms of diffusion. According to reports, the multielement (Cr, Mn)
oxides inclusions either do not initiate pits or initiate small corrosion sites which repassivate before
significant dissolution occurred [10].

o Nitrogen (N) does not take part as an element of the passive film formed at open air
(Reference sample). However, in both highly pH alkaline solutions the passive oxide films become N-
richer (2.5 — 2.7 wt.%) as a consequence of its anodic segregation during dissolution-passivation
process and it is probably bonded more to Cr and not to Mn [28, 29].

o Surface defects, such as “white flakes”, formed in saturated Ca(OH),, showed lower
enrichment in Cr and Fe, which may be directly related to chromium and iron oxides. This result
indicates a worse corrosion behavior of the studied steel in this model solution.

o The ratios Fe/Mn (6.0) and Fe/Cr (3.5) of the native (air) passive film seem to be
maintained relatively in the same order in alkaline solutions. However, in the areas of defects (black
spots or white flakes) these ratios tend to decrease. The chloride ions do not participate in the passive
film structure under the experimental conditions tested.
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o The black spots are abundant in carbon or carbides, which inclusions perturb the
formation of homogeneous passive layer on the SS surface.

3.3. Topography of passive films formed on nickel-free SS

More than 18 AFM images of samples were processed and the results indicated that the film
surface protuberances are in 25-20 nm higher that the surrounding areas, except few of them that
reached 50 nm of height. AFM images revealed that in CE solution, the additionally formed passive
layer shows less protuberances and the surface becomes more homogeneous, with lower h/w/l ratios
(Figure 5: 1), compared to those of air formed passive film (Figure 5: 5). The passive layer roughness
increased when the SS was immersed in saturated Ca(OH), solution (Figure 5: 3). In the presence of
the aggressive chloride ions (5% NaCl) the competing corrosion and passivation processes aid to
changes in the SS relieve and it becomes irregular, rough and less homogeneous (Figure 5: 2, 4). These
images indicate that SS corrosion dissolution (at non-metallic inclusion boundaries and scratches)
proceeds, and this fact is more pronounced in saturated Ca(OH), solution (Figure 5: 4). The observed
corrosion attack, due to the presence of aggressive chloride ions, should not be considered as a pitting
formed in the passive layer, because the critical pitting potential of the studied SS is about +100 mV
(vs SCE), measured in 3.5% NaCl solution (pH=12), and the reported above o.c.p. values (Figures 2-3)
are more negative. However, in alkaline solutions the chloride ions could attack passive steel areas
(anodic sites) in the vicinity of non-metallic inclusions (cathodic sites) and pH of those corroded sites
increases, giving possibility for a new consecutive dissolution of SS surface. Sticking out particles
observed on the surface could indicate corrosion products, which probably accumulate over cavities.
Such kind of protuberances, observed by AFM on 316 SS have been explained in terms of unattacked
oxide inclusions that still remain on the SS surface in the formed passive film [30]. Another possibility
is that the manganese tends to form insoluble compounds in alkaline environment and this fact aid the
corrosion resistance of the studied Ni-free manganese stainless steel.

(1) Cement extract (CE) solution (3) Saturated Ca(OH),
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' 1.633 pm
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(2) CE + 5% NaCl (4) Saturated Ca(OH), + 5% NaCl
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Figure 5. Topography (AFM) images of passive layers formed on Cr18Mn12N SS samples after 5 day
exposure in: (1-2) CE; (2-3) saturated Ca(OH)2; (5) naturally air formed passive film-
reference sample.

3.4. XRD-analysis of Cr18Mn12H SS

XRD patterns of all samples of Cr18Mn12N SS, shown in Figure 6, revealed that there was no
phase changes induced after exposure of SS samples to both alkaline model solutions. The registered
XRD patterns showed characteristic refraction indexes of austenitic AISI 304 structure. The relatively
strong and narrow peak (at 44.2) manifests that the SS has a predominant crystalline structure. It is
typical for crystalline orientation (111) on austenitic SS 304. A little displacement of some indexes is
probably due to the replacement of Ni by Mn and N in the studied SS. There were not detected
differences in XRD patterns of samples exposed to both alkaline solutions, even in the presence of
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chlorides. Their XRD patterns coincide with those of air formed passive film (reference sample).

* = 304 Stainless steel
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Figure 6. XRD scans conducted on the passive films of SS Cr18Mn12N formed in air and after
exposure in alkaline solutions (saturated Ca(OH)2 and CE extract).

4. CONCLUSIONS

The corrosion behavior of Ni-free manganese stainless steel Cr18Mn12N was studied at open
circuit potential (free corrosion potential) in two alkaline solutions, which simulate concrete pore
environment: cement extract and saturated Ca(OH),. The results of these experiments support the
following conclusions:

1) In a presence of chloride ions the passivation-repassivation process is perturbed and
competes with the dissolution processes, which occurs on areas of surface defects. AFM images
demonstrate that in the presence of chloride aggressive ions the SS relieve becomes irregular, rough
and less homogeneous.

2) Sticking out particles observed on the surface could indicate corrosion products, which
probably accumulate over cavities. Such kind of protuberances could be explained in terms of
unattacked oxide inclusions that still remain on the SS surface in the formed passive film or due to
manganese insoluble compounds, which aid the corrosion resistance. The corrosion attack, due to the
presence of aggressive chloride ions, should not be considered as a pitting formed in the passive layer,
because the critical pitting potential of the studied SS is more positive, compared to the reported o.c.p.
in this study.

3) Manganese was found enriched in areas of defects of the passive layer, formed in
alkaline solutions, while the ratios Fe/Mn and Fe/Cr tend to decrease. Nitrogen does not take part as an
element of the passive film formed at open air. The chloride ions do not participate in the passive film
structure.
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4) A more resistant passive layer is formed in CE extract, probably due to its distinctive
composition, homogeneity and thickness. The used alkaline solutions simulate the concrete pore
environment in a different way.
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