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ABSTRACT: The electrochemical response of new alloy corrosion-resistant steel CrilOMol pas-
sivated under attack of carbonation (pH from 13.3 to 9.0), was evaluated by electrochemical tech-
niques (linear polarization resistance, and electrochemical impedance spectroscopy). X-ray photoe-
lectron spectroscopy (XPS) was used to characterize the composition and structure of the surface
film on the steel. The results show that as carbonation progressing, the corrosion-resistant steel
never goes to corrosion domain even when pH falls to 9.0, but has an increasing corrosion re-
sistance. According to XPS analysis, the passive film on the corrosion-resistant steel presents a bi-
layer structure: an outer layer enriched in Fe oxides and hydroxides, and an inner layer rich in Cr
species. As the pH decreases, Fe oxides gradually decompose while more stable and protective Cr
oxides get enriched in the film. Under carbonation attacking, the increasing Cr oxides in the film act
as a protection barrier to the steel corrosion and support the corrosion-resistant steel still good pas-
sivity.

INTRODUCTION

Asiswidely recognized, steel corrosion in reinforced concrete structures exposed to severe envi-
ronments is a serious issue [1,2], which significantly reduces durability and service life of civil
structures. For this problem, various coping approaches have been applied, such as increasing con-
crete cover quality and thickness, using coating steel rebar (galvanizing rebar, epoxy coated steel
reinforcement, et al), incorporation of inhibitors during concrete mixing, electrochemical protection
(including cathodic protection, electrochemical realkalization and electrochemical chloride extrac-
tion) [2,3]. However, these techniques and methods are all subject to certain limitations, failing to
prevent steel corrosion for enough long term and more efficient solutions are required.

One of the most reliable methods for ensuring the durability of reinforced concrete structures in
severe conditions is to use anticorrosive aloyed steels. Alloy corrosion-resistant steel, which has
considerably high corrosion resistance but is more attractive economy than stainless steel, becomes
increasingly popular. Sometypical corrosion-resistant steel products have already come out, such as
MMFX Steel [4], Mariloy steel [5] and fine-grained Cu-Cr-Ni alloy steel [6]. However, these steels
are difficult to ensure long enough service life (75 to 100 years) for concrete structures in aggres-
sive environments.
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In recent years, Research Institute of Jiangsu Shasteel Iron and Steel prepared out a new steel
product “Cr10Mol”, aloyed with Cr about 10 wt.% and Mo about 1wt.%, consisting of granular
bainite with ferrite between the grains, which has been successfully declared for Chinese invention
patents [ 7]. Laboratory tests showed that CrlOMol steel has a critical chloride threshold level more
than 10 times that of conventional carbon steel, exhibiting much higher corrosion resistance than
most alloy steels and could bring about potential longer service life of concrete structures.

Basically, steel reinforcement embedded in concrete forms a very thin layer (5~10 nm) in the
strong akaline conditions of the concrete pore solution (pH>13), referred to as passive film [§],
which acts a protective coat and forbids the metal from corroding. However, this passive layer can
be destroyed due to concrete carbonation or chloride attack. Carbonation of concrete, as one of the
main factors, reducing the initially high pH of the pore solution phase to values even lower than 9.0,
could destroy the passive layer and then corrosion initiates. Carbonation-induced corrosion of car-
bon steel and its effects in concrete structure have been investigated extensively [9,10]. In contrast
to that, there is little comparative study about carbonation-induced corrosion process of alloy corro-
sion-resistant steel. To partly fill this gap, this work presents a combined electrochemical and
surface analytical investigation on the corrosion behaviour of passivated CrlOMol steel under the
influence of carbonation, for an understanding of the carbonation-corrosion resistant behaviour of
alloy corrosion-resistant steel.

EXPERIMENTAL PROCEDURES

Materials
Sed samples

Experimental materials were alloy corrosion-resistant HRB400 steel Cr10Mol, designed by Re-
search Institute of Jiangsu Shasteel Iron and Steel. The chemical composition (in % by mass) was
0.01% C, 0.49% Si, 1.49% Mn, 0.01% P, 0.01% S, 0.06% V, 10.36% Cr, 1.16% Mo, and the resid-
ual Fe.

Steel samples of 1 cm length were cut from ribbed rebars with a diameter of 25 mm. The cross-
section of steel samples was mechanically ground with grades 200, 600, 1000 and 2000 SiC emery
papers successively, and polished with alumina paste up to 2.5 um grit to eliminate the heterogenei-
ties of the steel surface. After polishing, the samples were degreased subsequently with alcohoal,
rinsed with distilled water and dried with a stream of air just before immersion to ensure their same
initial surface state.

Test solutions

An alkaline solution with 0.03 M Ca(OH): (saturated) + 0.2 M KOH + 0.1 M NaOH (pH 13.3),
prepared with analytical grade chemicals and Millipore water (18.2 MQ-cm), was used to simulate
the electrolyte in fresh concrete pores. Firstly, the steel samples were kept in the initia solution (pH
13.3) for 10 days to allow the formation of stable passive films on the exposed rebar cross sections
[11]. Then the pH values of theinitial akaline solution were adjusted to 12.0, 10.5, and 9.0 by pro-
gressively adding NaHCOs powder, to simulate the gradual carbonation process of concrete pore
solutions. With the pH dropping from 13.3 to 9.0, the samples were kept for 10 days at each pH
condition. The pH of the solutions was carefully checked and monitored throughout by a Methron
pH meter.

Electrochemical measurements

Changes in the surface film formed with immersion time at different pH values was monitored by
electrochemical tests. The electrochemical tests, including linear polarization resistance (LPR) and
electrochemical impedance spectroscopy (EIS), were performed at room temperature (25°C) and
under natural aeration in a classical electrochemical cell with three electrodes, where steel sample
as the working electrode was installed with an exposed working area of 1 cm?, the reference elec-
trode was a saturated calomel electrode (SCE, all electrode potentials reported in this study were re-
ferred to SCE), and platinum counter electrode was also used.
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LPR measurements were carried out with polarization within £20 mV from the open-circuit po-
tential in the anodic direction with a scan rate of 0.166 mV/s. The EIS response was recorded,
which closely followed LPR, in a frequency range from 10* Hz down to 102 Hz with the applied
AC amplitude of 10 mV at OCP. There were 3 replicates for each specimen. The equipment used
was aPARSTAT 4000 electrochemical system (Princeton Applied Research Inc., Oakridge, TN).
Surface analysis

Steel samples immersed in the test solutions of different pH for 7 days at OCP were withdrawn,
rinsed with distilled water and dried with ethanol after removing the surface residues by ultrasonic
cleaning, then kept in avacuum dryer.

The analysis of the film composition was conducted by X ray photoel ectron spectroscopy (XPS).
An PHI Quantera SXM X-ray photoelectron spectrometer equipped with a monochromatic Al Ka
radiation source (E=1486.6 €V), a hemispherical electron analyzer operating at a pass energy of 55
eV and an analytical chamber with a base pressure of 107 Pa, was used to collect XPS spectra. The
depth profile information was obtained by sputtering the specimens with a scanning argon-ion gun
operating at ion energy of 2 keV. The sputtering rate was estimated to be about 0.055 nm-s?. The
spectra were calibrated by setting the main line for the C 1s signal of adventitious carbon to 284.6
eV. All XPS spectral analysis was performed by the commercia software XPSpeak version 4.1,
which contained the Shirley background subtraction and Gaussian-Lorentzian tail function for bet-
ter spectrafitting.

Results and discussion

Surface analysis (XPS)

The chemical composition of the surface film on the corrosion-resistant steel in test solutions of
different pH was examined by XPS. The results show that the mainly composition of the film
formed on the steel is Fe, Cr and O, indicating that the primary constituents are Fe and Cr oxides.
Obtained spectra of all elements were separated into some chemical states which are most probable
components needed for corresponding chemical assignments using a deconvolution software
XPSpeak version 4.1 (Fig. 1), based on the binding energies according to the Handbook of X-ray
photoel ectron spectroscopy [12] and previous reports [13]. According to the deconvoluting results,
the Fe 2ps2 signals show the presence of three components, including metallic state (Femet, 706.5
eV), Fe?* in oxide form (FeO, 709.5 eV) and Fe** in oxide (FexOs, 710.6 eV) and hydroxide
(FeOOH/Fe(OH)3), 712.0 V) form. The Cr 2ps/2 spectra contain three different contributions which
are assigned to Crmet (574.1 €V), Cr203 (576.3 €V) along with CrOOH/Cr(OH)s3 (577.1 V). Thein-
tensities of the Cr20s3 states are apparently higher than that of CrOOH/Cr(OH)s, indicating Cr20s is
the dominant Cr species in the passive film formed on the steel. Two contributions were detected in
the oxygen O 1s spectrum: the first at 530.2 eV assigned to oxygen in oxides (O%") and the second
at 531.8 eV to metal-bonded hydroxide groups (OH"), corresponding to the formation of iron ox-
ides and hydroxides in the passive film.

Fig. 2 shows the composition profile (for atomic ration of Cr/Fe, Fe*'/Fe**, Fen/Fex and
Crny/Crox) at various sputtered depths of the surface film on the steel in all test solutions, obtained
from quantitative XPS analysis according to the peak intensity of components. Asillustrated in Fig.
2(a), with increasing sputtering depth, the Cr/Fe ration is very small at first but has a marked in-
crease, and then decreases gradually at about 4 nm, to near the content ratio of Cr/Fe in metal sub-
strate at 6 nm. This important feature reveals that the constituents within passive film of the steel
varies with depth into the layer: the inner region that is adjacent to the metal substrate is a Cr spe-
cies concentrated layer, while the outer layer is mostly composed of Fe oxides and hydroxides,
which is consistent with the depth profile of the Fe-based film layer on carbon steel suggested by
Ghods et a [8]. It is noteworthy that, with carbonation progressing, the Cr content in the film shows
an increasing evolution, indicating there is a gradual enrichment of the Cr components in the sur-
face film. This fact may account for the higher stability of Cr oxides insensitive to pH values, and
the higher dissolution rate of Fe oxides at the film/solution interface when the pH drops according
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to the Pourbaix diagrams [14]. The components change of the surface film has an important influ-
ence on electrochemica behaviour of the steel, as suggested by the follow electrochemical meas-
urements.

Under gradual carbonation, Fe?*ox decreases significantly at the same depth into the film (Fig.
2(b)) while the Fe*"ry undergoes a growth (Fig. 2(c)), revealing the further oxidization of Fe species
in the film. Thus, it could be deduced that when the surface film is exposed to lower pH, Fe2O3 de-
composes gradually, transforming to hydrates FeEOOH/ Fe(OH)s. This causes the Fe2Os layer be-
comes less and less dense, and facilitates the diffusion of surrounding oxygen into the layer, which
induces progressive oxidation of FeO (Fes0as) to Fe20s, corresponding to a gradual decrease in Fe?*
content in the passive film. Compared to Fe oxides, Fe hydroxides are porous and almost unprotec-
tive [15]. So, carbonation could reduce the protection of the Fe oxides layer. Similar to the Fe>*ny
content evolution, Cr¥*hy concentration in Cr species also has a constant increase in the film as the
pH dropping, but the change is moderate (Fig. 2(d)). This suggests that Cr oxides also can be hy-
drated to corresponding hydroxides like Fe oxides by the action of carbonation.
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Fig. 1 Deconvolucion of the Fe 2pzs2, Cr 2ps» and O 1s XPS spectra detected for the surface film formed on the corro-
sion-resistant steel after 7 d immersion in solutions of pH 13.3: (a) Fe 2pa, spectra; (b) Cr 2ps» spectra; (c) O 1s spectra
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Fig. 2 Composition depth profiles obtained from XPS analysis for the surface film formed on the steel in test solutions
of different pH (a) Cr/Fe; (b) Fe?*/Fe*; () Fen/Feux; (d) Crny/Crox

Electrochemical measurements
Linear polarization resistance
Linear polarization resistance (LPR) monitoring is a non-destructive technique to measure the

corrosion current density of reinforcing steel and evaluate its condition. This technique has been
discussed in detail in many works [16].
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Fig. 3 The corrosion potentia (Ecor) and polarization resistance (Ry) of the steel as afunction of timein test solutions of
different pH: (a) Ecor; (b) Rp

The corrosion potential (Ecorr) and polarization resistance (Rp) values obtained from the LPR
curves, of the corrosion-resistant steel in al test solutions against time (3 h, 6 h, 1d, 3d, 7d, 10 d)
are shown in Fig. 3. The results showed that both Ecor and Rp values are affected by exposition
conditions. Under gradual carbonation, at the beginning of exposure, Ecor values of the steel have
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continuous rising (notably during the first 3 d of immersion) and tends to remain stable after 7 d
immersion. At 10 d immersion time, Ecorr has variations from —200 to —150 mV vs. SCE, indicating
good passivation state [17] of the stedl at all pH values. Ry shows similar evolution as Ecorr, has en-
hanced values at low pH, increasing by 1/4 when pH falls from 13.3 to 9.0. Higher the Rp value,
more difficult the corrosion process [18]. So carbonation (in the alkaline range) does not initiate and
promote the corrosion of the steel, but contrary to what might be supposed, it causes a sedater cor-
rosion rate for the steel. In another vein, concrete carbonation process, has no negative effects on
the corrosion resistance of the steel (at least if the environment is not contaminated by aggressive
anions). Thisis a considerable improvement for CrlOMol steel compared to carbon steel, which en-
ter in the corrosion domain when pH below 10.5 [14]. This behaviour should be attributed to the en-
richment of Cr oxides, which improves the stability and protection of the film, resulting in aless de-
fective layer with more resistant to corrosion.

Electrochemical impedance spectroscopy

Fig. 4 shows the Electrochemical impedance spectroscopy (EIS) in the Nyquist and Bode plots
form obtained for the steel after 7 d immersion time in solutions of varying pH from 13.3 to 9.0. It
Is evident that the capacitance arc magnitude and overall impedance value of the steel have signifi-
cant increasing following the pH dropping, indicating the steel at lower pH exhibiting more corro-
sion-resistant, which isin good agreement with the LPR results.

For more detailed information on the electrochemical processes associated with the surface films
with pH variation, the EIS results were fitted using equivalent circuits. Based on some trials and lit-
eratures support [19,20], the equivalent circuit as depicted in Fig. 5 was adopted to fit the experi-
mental data, which provided aright fitting with minimal error.

Constant phase element (CPE) is used for the description of frequency dispersion behaviour cor-
responding to metal surface covered by heterogeneous layer with some defects. The impedance of
the CPE is defined by Eq. (1)

1

7 =
CPEW

0
where the meaning Yo, j, w and n is similar with that of most literatures [19,20].

For the meaning of the circuit elementsin this circuit model, the following physical interpretation
are adopted [19,20]: The resistance connected in series with two time constants corresponds to the
ohmic resistance of the solution (Rsi), which changes with ion concentrations of the test solutions.
The high frequency time constant (R1, CPE1) can be attributed to the charge transfer process in the
active surface areas (film defects/pores) and it is represented by the charge transfer resistance (Ru)
coupled with the double layer capacitance (ssmulated by CPE1). The low frequency time constant
(Rz, CPE2) was assigned to the redox process taking place in the areas covered with the passive film
(protective oxide) and it is composed by the passive film capacitance (CPE2) and the passive layer
resistance (CPE>).
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Fig. 4 Measured EIS of the steel in test solutions of different pH after 7 d immersion: (a) Nyquist plots; (b) Bode plots
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Table 1 presents the fitting parameters (based on the circuit depicted in Fig. 5) for the experi-
mental EIS data presented in Fig. 4. It can be observed that, no matter of carbonation degree, the R1
has high values above 300 kQ-cm?, indicating the difficult charge transfer process. This obviously
is ascribed to the stable Cr oxides concentrated layer formed on the metal, which as a barrier retards
the Fe** in active areas to be released. The resistance R2 also shows higher values at lower pH, evi-
dencing the presence of a surface film that provides higher resistance to the flow of electronsin the
redox processes. The CPE2 evolution with pH reveals the surface film formed at lower pH performs
heightened capacitive behaviour. The CPE1 shows an upward tendency following the pH decreas-
ing, suggesting the more significant dispersion effect of the double layer capacitance. This may be
related to the film surface roughing as Fe species in the outer layer decomposes gradually under
carbonation. Even so, the steel has more depressed electrochemical corrosion process at lower pH
for its greater corrosion resistance (i.e. Ri+Ry).

Table 1 Fitting parameters for the experimental EIS data obtained for the steel in solutions of different pH after 7

dimmersion
R CPE; CPE;
sol
Ry R
pH (Q-cm 2 Y 2 Y
Q-cm 0 Q-cm 0
) ( ) (@t-cm?s") no ) (@1-cm?s") :

133 281  3.02x10° 2.34x10° 0.92 11.84x10° 1.76x10° 0.83
12.0 3464  4.34x10° 2.48x10° 091 14.12x10° 1.78x10° 0.82
10.5 260.8  6.79x10° 2.60x10° 0.89 17.92x10° 1.71x10° 0.80

9.0 160.5 8.12x10° 2.64x10° 0.89 19.78x10° 1.64x10° 0.81

CONCLUSIONS

The corrosion behaviour of corrosion-resistant steel Cr10Mol subjected to carbonation attacking
was investigated. The results proved that carbonation modify the chemical composition of the sur-
face film on the steel, and then influences its el ectrochemical response.

Surface composition analysis performed by XPS reveaed that the passive film formed on the
corrosion-resistant steel consists of both Fe and Cr oxides/hydroxides, presenting a bilayer structure
with an outer layer mainly containing Fe oxides (including FeO and Fe2Oz3) and hydroxides, and an
inner layer highly enriched in Cr species. As pH falls, the Fe?* and Fe3* oxides decompose continu-
ously and transform to porous Fe** hydroxides, while Cr species have a gradual enrichment in the
film as more stable Cr oxides form on the metal. This has an important influence on the electro-
chemical behaviour of the stedl.

LPR and EIS tests evidenced that corrosion-resistant steel maintains good passivation even if the
pH drops to 9.0. Carbonation (within alkalinity range) does not deteriorate the passive film and ini-
tiate the corrosion of the steel, but bring about the steel more resistant to corrosion process, for
compact and protective Cr oxides can maintain stable and get increasingly enriched in the inner
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layer, athough protective Fe oxides in the outer layer suffer destruction. In media of low pH, Cr
species as a barrier on the metal, provide the steel good corrosion resistance.
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