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a  b  s  t  r  a  c  t

The  passive  behaviour  of new  alloy  corrosion-resistant  steel  Cr10Mo1  and  plain  carbon  steel  (as  a  com-
parison)  in  simulating  concrete  pore  solutions  of  different  pH (ranging  from  13.5  to  9.0)  under  open
circuit  potential  conditions,  was  evaluated  by  various  electrochemical  techniques:  potentiodynamic
polarization,  capacitance  measurements  and  electrochemical  impedance  spectroscopy.  The  chemical
composition  and  structure  of  passive  films  were  investigated  by  X-ray  photoelectron  spectroscopy  (XPS)
and secondary  ion  mass  spectroscopy  (SIMS).  The  electrochemical  responses  of  passive  films  show  that
Cr10Mo1  steel  has an increasing  passivity  with  pH  decreasing  while  carbon  steel  dose  conversely,  reveal-
ing carbonation  does  no  negative  effect  on  passivation  of the  corrosion-resistant  steel.  SIMS  reveals  that
the  passive  film  on  the corrosion-resistant  steel  presents  a bilayer  structure:  an  outer  layer  mainly  con-
H sisting  of  Fe  oxides  and  hydroxides,  and  an  inner  layer  enriched  in Cr species,  while  only  a  Fe-concentrated
layer  for  carbon  steel.  According  to  the XPS  analysis  results,  as the  pH decreases,  more  stable  and  pro-
tective  Cr  oxides  are  enriched  in  the film  on Cr10Mo1  steel  while  Fe oxides  gradually  decompose.  Higher
content  of Cr oxides  in  the  film  layer  provides  Cr10Mo1  corrosion-resistant  steel  more  excellent  passivity
at  lower  pH.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

As is well known, reinforced concrete is a versatile and eco-
omical construction material, which is widely-used in civil

nfrastructures. However, steel corrosion in concrete caused by
ggressive species such as chlorides and carbon dioxide, occasions
racking of the concrete cover and concomitant deterioration in the
echanical performances, leading to premature failure of concrete

tructures [1]. By far, for reinforcing steel corrosion problems, a
ide variety of protection and repair methods have been applied,
uch as increasing concrete cover quality and thickness, using spe-
ial steel rebar (stainless steel, galvanizing rebar, epoxy coated steel
einforcement, etc), incorporation of inhibitors during concrete
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onderbaba@126.com (D. Wang).
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169-4332/© 2016 Elsevier B.V. All rights reserved.
mixing, electrochemical protection (including cathodic protec-
tion, electrochemical realkalization and electrochemical chloride
extraction) [2,3], using fiber reinforced plastic in substitution for
steel [4], migrating corrosion inhibitors to reinforcing steel through
concrete cover [5]. However, these techniques all have their own
disadvantages and are subject to some limitations, and more effi-
cient solutions for steel corrosion are required.

Prompted by massive and rapidly rising construction and main-
tenance costs, civil engineering designers have proposed a design
service life goal of 75–100 years [6] for concrete structures under
severe conditions without major repairs. Nowadays, cathodic pro-
tection and using stainless steel as rebar seem to be the most
reliable measures to prevent steel corrosion persistently and guar-
antee the durability of concrete structures in highly aggressive
environments. Some researchers [7] have shown, using stainless
steel reinforcements with surpassing corrosion resistance can be,

in the long term, a more economically profitable alternative than
cathodic protection which requires continuous maintenance. How-
ever, stainless steels have quite high level of alloying elements
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Table 1
Composition and pH of the simulated concrete pore solutions.

Solution Composition (M)  pH

Ca(OH)2 (sat.) KOH NaOH NaHCO3

1 0.03 0.5 0.2 – 13.5
2  0.03 – – 0.038 12.0
3  0.03 – – 0.054 10.5
4  0.03 – – 0.149 9.0

Table 2
The chemical composition of CR and PC steel.

Type Chemical composition (wt.%)

Fe C Si Mn P S V Cr Mo
Z. Ai et al. / Applied Surface

≥12% Cr and ≥8% Ni, or ≥20% (Cr + Ni)), resulting in high initial
ost, which limits their wide use [8,9].

Over the past dozen years, low-alloy corrosion-resistant steels
ave been developed, which as promising reinforcements have
onsiderably high corrosion resistance but more attractive econ-
my  than stainless steels, such as fine-grained Cu-P and Cu-Cr-Ni
lloy steel [10,11], MMFX  steel [12], etc. Among of them, MMFX
s the most significant one. The so called “MMFX” steel is Micro-
omposite Multi-structural Formable Steel developed by MMFX
teel Corporation, USA, in 1998, and is claimed by its innovators to
ave a significantly high corrosion resistance but moderate added
ost and superior mechanical properties, compared to conventional
arbon steel. This alloy has about 9.0 wt.% Cr with small amounts
f Mo  and Ni, and is almost carbon free (carbon content is limited
o 0.15 wt.% maximum in the ASTM C1035A/1035M-04 specifica-
ion), consisting of dislocated martensite laths with untransformed
ustenite between the laths, with no carbides almost which are
athodic to the matrix [13]. It is reported that MMFX  steel has a cor-
osion resistance 5–6 times better than that of conventional carbon
teel (ASTM A615) as measured by the critical chloride threshold
evel [14,15], and can extend the service life of concrete structures
or several decades [16,17]. However, generally, it seems that it is
ifficult to achieve the service life goal of 75–100 years for concrete
tructures using MMFX  steel as reinforcements, and new tailored
ow-alloy steels with higher corrosion resistance need to be devel-
ped. Since 2008, Research Institute of Jiangsu Shasteel Iron and
teel has been committed to develop and research new alloy steels
ith high corrosion resistance and strength. Of them, one named

Cr10Mo1”, with Cr about 10 wt.% and Mo  about 1 wt.%, and yield
trength above 400 MPa, which has similar chemical composition
ut very different metallurgical microstructure compared to MMFX
teel, was prepared out and has been successfully declared for
hinese invention patents [18]. Preliminary corrosion accelerated
ests in laboratory showed that Cr10Mo1 steel has a critical chlo-
ide threshold level more than 10 times that of plain carbon steel,
howing more anticorrosive than most of common alloy corrosion-
esistant steels in the past. Cr10Mo1 steel may  bring about potential
onger service life of concrete structures but without significant
ncreasing costs compare to MMFX  steel, owing to its higher cor-
osion resistance. For the steel to be acceptable to the concrete
ommunity, a number of detailing characteristics about the cor-
osion behavior of such steel must be determined.

Similar to MMFX  steel, Cr10Mo1 steel having excellent corrosion
esistance may  be attributed to the presence of a strongly protec-
ive film formed essentially by iron and chromium oxides on the

etal in alkaline media. However, systematic studies focused on
he passive behaviour of alloy corrosion-resistant steels in differ-
nt pH conditions are scarce. The present work aims at studying
he passivation of alloy corrosion-resistant steel Cr10Mo1 in condi-
ions simulating the fresh and carbonated concrete pore solutions
hemistry, to ascertain the effects of pH on the composition and
haracteristics of surface film formed on the steel.

. Experimental procedures

.1. Materials

.1.1. Test solutions
Based on the reports [19,20], an aqueous calcium-

odium-potassium hydroxide solution with 0.3 M Ca(OH)2
saturated) + 0.5 M KOH + 0.2 M NaOH (pH 13.5), prepared with
nalytical grade chemicals and Millipore water (18.2 M� cm), was

sed to simulate the interstitial electrolyte of concrete pores.

Solutions with lower pH (12.0, 10.5, 9.0) were prepared by
ddition of NaHCO3 powder into the 0.03 M Ca(OH)2 (saturated)
olution (pH about 12.5) [21], to simulate the carbonation process
CR Bal. 0.01 0.49 1.49 0.01 0.01 0.06 10.36 1.16
PC  Bal. 0.22 0.53 1.44 0.02 0.02 0.04 – –

which could decrease the pH of concrete pore solution down to val-
ues close to 9.0. The detailed procedure and quantities to prepare
the solutions of all pH are listed in Table 1. The pH of the solutions
was carefully checked and monitored throughout by a pH meter
(Thermo Scientific Orion pH2100).

2.1.2. Steel samples
Experimental materials were the newly designed alloy

corrosion-resistant HRB400 steel Cr10Mo1 (CR), provided by
Research Institute of Jiangsu Shasteel Iron and Steel, and plain car-
bon HRB400 steel (PC) (as a comparison). The chemical composition
of CR and PC steel studied is given in Table 2.

Optical Microscopy (OM) images of the etched cross sections
obtained for CR and PC steel are shown in Fig. 1. The microstructure
of CR steel consists of granular bainite with ferrite between the
grains. PC steel shows typical hypo-eutectoid microstructure, made
up of ferrite and fine pearlite with carbides distributed within the
matrix and at the boundaries.

Steel samples of 10 mm length were cut from ribbed rebars
with a diameter of 25 mm.  The cross-sections of steel samples were
ground with grades 200, 600, 1000 and 2000 silicon carbide emery
papers successively, and polished with alumina paste up to 2.5 �m
grit to eliminate the heterogeneities of the steel surface. After pol-
ishing, the samples were degreased subsequently with alcohol,
rinsed with distilled water and dried with a stream of air just before
immersion, to ensure their same initial surface states. The sam-
ples were immersed in test solutions for up to 10 days to allow a
mature/thick passive film to form during immersion [22].

2.2. Electrochemical measurements

The passivation progress with immersion time at different pH
values was followed by electrochemical tests, performed at room
temperature (25 ◦C) and under natural aeration in a classical elec-
trochemical cell with a traditional three-electrode system. The steel
sample as the working electrode was  installed with an exposed
working area of 1 cm2, the reference electrode was  a saturated
calomel electrode (SCE, all electrode potentials reported in this
study were referred to SCE), and platinum counter electrode was
also used.

The potentiodynamic polarization tests were performed with
ohmic potential drop compensation (taking account of the vari-
ation of test solutions resistance as pH changes) in the potential
range from −0.2 V to +1.2 V vs. open circuit potentials (OCP) in the

anodic direction at a scan rate of 0.5 mV/s after OCP stabilization.
The electrochemical impedance spectroscopy measurements were
carried out at in a frequency range from 104 Hz down to 10−2 Hz
with an AC amplitude of 10 mV  at OCP, and data integration was set
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Fig. 1. Microstructure of the two s

t 5 steps per decade for the measurement. Mott-Shottky plot mea-
urements were conducted at a fixed frequency of 1000 Hz and a
inusoidal signal of 10 mV  was employed. The polarization was  per-
ormed by successive steps of 50 mV  in the cathodic direction in the
otential range from +0.25 V to −1.5 V vs. SCE. There were 3 repli-
ates for each specimen. The equipment used was a PARSTAT 4000
lectrochemical system (Princeton Applied Research Inc., Oakridge,
N).

.3. Surface analysis

.3.1. XPS
The chemical composition of the films was determined by X-ray

hotoelectron spectroscopy (XPS). A PHI5000 Versa Probe spec-
rometer, equipped with a monochromatic Al K� radiation source
1486.6 eV) and a hemispherical electron analyzer operating at a
ass energy of 58.7 eV, was used. The XPS measurements were per-
ormed under pressures below 0.5 × 10−6 mbar, at successive steps
f 0.125 eV. The curve fitting was performed by the commercial
oftware XPSpeak version 4.1, which contained the Shirley back-
round subtraction and Gaussian-Lorentzian tail function for better
pectra fitting.

.3.2. SIMS
The elemental distribution at discrete depths in the passive

xide layer on the steel substrate was investigated by secondary ion
ass spectroscopy (SIMS) carried out with TOF. SIMS 5 (ION-TOF
mbH, Münster, Germany). Sputter ion beams of Cs+ (1 keV impact
nergy, 10 nA beam current) was used (depending on the element
o be analyzed) and rastered over a 200 �m × 200 �m square area
o avoid crater edge effect. The measurements were carried out in
ltra-high vacuum with a background pressure of <5 × 10−10 mba
pplied to prevent surface oxidation during the measurement.

. Results and discussion

.1. Surface analysis

.1.1. XPS analysis
The chemical composition of the surface films formed on CR and

C steel at OCP in solutions of different pH (13.5–9.0) was  examined
y XPS. The results show that the mainly composition of passive
lm on CR steel is Fe, Cr and O (Fig. 2a), while mainly Fe and O

or PC steel (Fig. 2b), indicating that in the alkaline solutions the

rimary constituents of the passive film are chromium oxides and

ron oxides for CR steel while iron species for PC steel, respectively.
Deconvolutions of high resolution XPS spectra (Fe, Cr, O) were

erformed by a fit procedure described in previous papers [23,24],
btained by OM:  (a) CR and (b) PC.

based on the corresponding binding energies reported in many
literatures [23–25]. According to the binding energies, the Fe 2p
ionisation is deconvoluted into three different contributions, which
are assigned to Fe2+ in oxide (FeO, Eb = 709.5 eV) and Fe3+ in
oxide (Fe2O3, Eb = 710.6 eV) and hydroxide form (FeOOH/Fe(OH)3,
Eb = 712.0 eV). The relative peak heights of Fe3+ in oxide separation
in the Fe 2p spectra show that Fe2O3 is the primary Fe species in the
passive film for CR and PC steel. There exist two constituent peaks
in the Cr 2p signal, representing Cr3+ in oxide (Cr2O3, Eb = 576.3 eV)
and hydroxide (CrOOH/Cr(OH)3, Eb = 577.1 eV). The intensities of
Cr3+ oxide state are apparently higher than that of Cr3+ hydrox-
ide, indicating Cr2O3 is the dominant Cr species in the passive film
for CR steel. Oxygen species play the role of connecting metal ions
in passive film. The O 1 s spectrum shows the presence of two
components: O2− (Eb = 530.2 eV) and OH− (Eb = 531.8 eV) states,
corresponding to the formation of Fe/Cr oxides and hydroxides in
the passive films.

The XPS measurements did not detect the presence of molyb-
denum in the passive film on CR steel, probably because separate
molybdenum phase can not be formed in film for its too low con-
tent in steel substrate. Therefore, its effect will not be discussed in
this paper. However, it is well known that Mo  can ameliorate the
defect structure of chromium species and therefore has an impor-
tant effect on the electronic properties and corrosion resistance of
the passive film as reported in previous studies [26].

Fig. 3 shows the cationic fractions in the passive films of the two
steels as functions of the pH. The Fe2+/Fe3+ ratio in passive film sig-
nificantly decreases with pH for both CR and PC steel, suggesting
that the passive films become depleted increasingly in magnetite
(Fe3O4), which contributes substantially to Fe2+ species. This results
are in agreement with previous works [21,27]. In fact, more alkaline
media promote more Fe3O4 formation and maintain its stability
[27]. When the surface film is exposed to lower pH, Fe3O4 decom-
poses gradually and transforms to porous FeOOH/Fe(OH)3 with less
protection [28], accompanied by a decrease of the Fe2+/Fe3+ ratio.
An important noteworthiness refers to the content evolution of
Cr3+ in the film formed on CR steel. As the pH decreasing, there
is a gradual enrichment in Cr species in the surface film. This fact
may  account for the higher stability of the Cr oxides insensitive to
low pH values [24], in addition to the higher dissolution rate of Fe
species at the film/solution interface when the pH drops according
to the Pourbaix diagrams [28].

The increased content of Cr3+ combined with the decreasing
Fe2+/Fe3+ ratio in the surface film with pH dropping, evidences that

the passive film on CR steel becomes richer in Cr species, meanwhile
depleted gradually in Fe2+ oxide (This is also true for PC steel) when
the pH drops.
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Fig. 2. XPS spectra for the surface films formed on the stee

.1.2. SIMS results
Compositional depth profiles through the matrix films on CR

nd PC steel were obtained using SIMS. Fig. 4, as an example, dis-
lays the relative concentration trends (log scale) of the ions such
s 56Fe16O−, 12C−, 52Cr16O−, 96Mo16O− in the matrix oxides film.
he usual horizontal scale of sputtering time has been converted to
epth using the sputtering rate calculated for the matrix. According
o Fig. 4, for CR steel, the FeO−, CrO− and MoO− obey a certain layer
tacking in the surface film. First, a high FeO− intensity is detected
n the uppermost layer. Thereafter, at about 3 nm around the mid-

le of the oxide film, the CrO− signal rises, and it is followed by the
oO− signal (very weak). However, the CrO− and MoO− concen-

ration decreases again closer to the substrate. It is assumed that a
ixture of Fe–Cr spinel type oxides is formed on the alloy surface
ersed in test solution of pH 13.5 for 3 d: (a) CR and (b) PC.

at the initial oxidation stage. When the oxidation proceeds, the Fe
ions diffuse through the inner mixed spinel oxides and form the
outer Fe-rich species because Fe ions are much more mobile than
Cr and Mo  ions [29]. Since the passive layer formation may  deplete
Cr and Mo  at the metal/oxides interface [30], less free Cr and Mo
remain available for incorporation into the network. For PC steel,
only FeO− signal is detected in the layer, indicating the passive film
is a Fe-concentrated layer.

The depth profiles in Fig. 4 reveal that the distribution of Fe
and Cr species within the surface film network covering the CR

steel is similar to the oxides sequent stacking in the nm range in
the passive films on Cr-series alloy steels reported in many studies
[31,32]. Based on the interpretation of a layered stacking model,
the passive film formed on Cr10Mo1 steel could also be described
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Fig. 3. The atomic ratios evolution of various cations presented in the passive films formed on the steels immersed in test solutions of different pH for 3 d obtained from
quantitative XPS analysis: (a) CR and (b) PC.
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Fig. 4. Depth profiles addressing ions distribution in the passive films

s a bilayer structure, composed of an outer layer, enriched in Fe
pecies like Fe3O4, Fe2O3 and FeOOH/Fe(OH)3, and an inner layer,
ich in Cr species containing Cr oxides and hydroxides.

.2. Electrochemical measurements

.2.1. Capacitance measurements (Mott-Schottky plots)
It is known that the oxides film formed on metal behaves as

xtrinsic semiconductor when exposed to an aqueous solution,
wing to the presence of point defects in the crystals of film
ayer. The semiconductor behaviour and electronic properties of
he surface film can be assessed by capacitance measurements. The
elationship between the determined capacitance of the passivated
lectrode/electrolyte interface, C, and the applied potential, E, is
escribed by the well known Mott-Schottky equation, neglecting
he capacitance of the Helmholtz layer and surface states contri-
ution for the total capacitance when the space charge region of a
assive film semiconductor under depletion conditions [33]:

1
C2

= 2
εε0qN

(E − EFB − kT

q
) (1)

here � is the dielectric constant of the passive film (� gener-
lly has values of 12.0 [34] and 15.6 [33,35] for the oxides films

ormed on carbon steels and alloy steels, respectively) and �0 the
acuum permittivity (�0 = 8.85 × 10−14 F cm−1), N is the carrier con-
entration (the donor density for n-type semiconductors or the
cceptor density for p-type semiconductors), q is the elementary
Depth (nm)

 steels immersed in test solution of pH 13.5 for 3 d: (a) CR and (b) PC.

charge (+e for electrons and −e for holes, e = 1.602 × 10−19 C), k is
the Boltzmann constant (k = 1.38 × 10−23 J K−1) and T the absolute
temperature (the KT/q term can be neglected because it is only
approximately 25 mV  at room temperature), EFB is the flat band
potential. According to Eq. (1), there is a linear relationship between
C−2 and E, and for C−2 vs. E plots, a negative slope is for a p-type
semiconductor response, inversely proportional to the acceptor
concentration Na, while a positive slope for n-type semiconduc-
tor, directly proportional to the concentration of donor Nd. And the
EFB can be calculated from the intercept of C−2 vs. E linear portion
extrapolating with the potential axis.

Fig. 5 displays the Mott-Schottky plots for the films formed on
CR and PC steel after 3 d immersion in solutions of different pH.
It can be observed that in the Mott-Schottky plots for CR steel
(Fig. 5a), two  linear regions are presented, above and below the flat
band potential that changes with pH, indicating the passive film
formed on CR steel behaves as both n-type (positive slope) and p-
type (negative slope) semiconductors, which is similar to passive
films formed on stainless steels [35,36]. The duplex semiconductor
character of the passive film on CR steel is related to its chemical
composition. Its n-type semiconductor behaviour can be attributed
to an outer region mainly composed of Fe oxides, and p-type
semiconductor behaviour accounts for an inner region essentially

formed of Cr species, according to previous investigations [35,36].
The passive film on PC steel does not present p-type semiconductiv-
ity since only one linear region with positive slope which suggests
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Fig. 5. Mott-Shottky plots for passive films formed on the steels in test solutions with different pH at immersion time of 3 d: (a) CR and (b) PC.

Table 3
Effect of pH values on semiconducting properties of passive films formed on the two steels in the solutions.

pH CR PC

Nd

(1020 cm−3)
Na

(1020 cm−3)
EFB

(V vs. SCE)
Nd

(1020 cm−3)
Na

(1020 cm−3)
EFB

(V vs. SCE)

13.5 25.11 58.04 −0.95 41.39 – −0.94

a
T
r
i

s
f
l
s
t
e
i
s
o
s
p
n

12.0  19.03 34.84 −0.85 

10.5  11.75 16.39 −0.59 

9.0  10.09 11.47 −0.57 

n n-type semiconducting behaviour, can be observed in Fig. 5b.
his consequence is of being expected, because the capacitance
esponse is controlled only by the electronic structure of Fe species
n the passive film.

The values of carrier concentrations (donor and acceptor
pecies, i.e. Nd and Na, respectively) and flat band potentials (EFB)
or semiconductive passive films formed on the two steels, are
isted in Table 3. For the passive films on CR and PC steel in test
olutions of different pH, the flat band potential which determines
he position of energy bands with respect to the redox potentials of
lectroactive ions in the electrolyte [37], increases with pH decreas-
ng, indicating the position of energy bands undergoes a positive
hift gradually. This may  be associated with the decreasing content
f Fe2+ with pH dropping, which is assumed as the main doping

pecies [38] in the films. Nd has the highest value for CR steel at
H 13.5 and for PC steel at pH 9.0, indicating a highly disordered
ature of the passive films but separate mechanisms. For CR steel

Fig. 6. Potentiodynamic polarization curves obtained in the anodic direction for the s
35.24 – −0.85
58.03 – −0.57
80.08 – −0.55

passive film formed at pH 13.5 has highest content of Fe2+, resulting
in higher doped density, while for PC steel passive film formed at
pH 9.0 is highly defective and porous although with the Fe2+ con-
tent lowest. In the region of p-type semiconductivity for the passive
film formed on CR steel, the slope sharpens appreciably as the pH
decreases, and in accordance the Na value shift substantially, mean-
ing the film behaves as p-type semiconductor with poorer electrical
conductivity. Such behaviour, which is the most remarkable at pH
9.0, is the characteristic of Cr oxides increasing enrichment in the
film, and this results in higher resistance to the flow of electrons
and holes [33].

3.2.2. Potentiodynamic polarization behaviour

Fig. 6 shows the d.c. anodic potentiodynamic polarization curves

for CR and PC steel immersed for 3 d in solutions with pH varying
from 13.5 to 9.0. In general, the polarization curves are quite similar,
as a passive region where current density is almost constant could

teels in test solutions with different pH after 3 d immersion: (a) CR and (b) PC.
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Table 4
Electrochemical parameters derived from the polarization curves of the steels in test solutions with different pH after 3 d immersion.

pH Ecorr

(mV  vs. SCE)
Icorr

(A cm−2)
ip
(A cm−2)

Ecp

(mV vs. SCE)
Etp

(mV  vs. SCE)

CR 13.5 −247.8 1.34 × 10−7 1.63 × 10−5 150.8 576.1
12.0  −231.2 1.08 × 10−7 1.40 × 10−5 269.7 633.9
10.5  −227.6 5.31 × 10−8 8.18 × 10−6 388.1 862.0
9.0  −218.1 2.53 × 10−8 7.42 × 10−6 398.5 878.6

PC 13.5  −240.6 1.51 × 10−7 1.95 × 10−5 146.7 563.7
12.0  −258.4 1.67 × 10−7 2.16 × 10−5 188.6 568.2
10.5  −512.3 1.24 × 10−6 – – –
9.0  −549.2 5.23 × 10−6 – – –
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Fig. 7. EIS of the steels in test solution with pH

e observed and also a sharp increase in current density resulting
rom the onset of pitting corrosion presents in the curves, suggest-
ng that the kinetics of the corrosion processes is basically identical.
f course, the cases for carbon steel at pH 10.5 and 9.0 are excep-

ion, which show a very different anodic behavior in the active
issolution region. Table 4 summarizes the corrosion potentials
Ecorr), corrosion current densities (icorr), critical passive poten-
ials (Ecp), passive current densities (ip) and breakdown potentials
Etp) obtained from the polarization curves for CR and PC steel in
olutions of different pH.

As shown in Fig. 6 and Table 4, in solutions with the same
H, compared to PC steel, CR steel has higher corrosion poten-
ials, wider passive domain and lower corrosion and passive current
ensities, indicating better passive performances. Obviously, this is
elated to the differences between the constitutes and structures of
he passive films on the two steels. A Cr-containing layer is formed
n passive film of CR steel, improving the film corrosion resistance
39].

An important feature worthy of note is that the passivity evo-
ution of the two steels with the pH varying is the opposite. For PC
teel, the passivity is certainly declined by carbonation and almost
anishes at pH below 10.5. In fact, an increased pH favors the stabil-
ty and lower dissolution rate of Fe oxides and hydroxides, leading
o a thicker passive film on carbon steel [40]. However, for CR steel,
he passivity is increasing, not weakening with the pH decreasing.
he passive domain revealed by the polarization curves is wider,
nd Etp and Ecorr become more positive at the lower pH. The cor-
osion and passivation current densities both show a reduction of
lmost one order of magnitude from pH 13.5–9.0. All these evi-
ence that for CR steel in alkaline solutions, less alkalinity offers

etter conditions for a higher protective passive film forming. This
abnormality” probably accounts for the increasing enrichment of
ore protective Cr species in the passive film on CR steel when the

H decreases, as shown by XPS.
at different immersion time: (a) CR and (b) PC.

Thus, it may  be speculated that the alkalinity decreasing
in media simulating concrete carbonation process, does not
have negative effects on the corrosion resistance of Cr10Mo1
corrosion-resistant steel (if the environment is not contaminated
by chlorides). This is a fine advantage compared to carbon steel,
which maintains good passivity strongly depending on high pH
and fails in passivation when pH goes down to 10.5. Freire et al.
[41] observed the similar results for the effects of pH on passive
behaviour of AISI 316 stainless steel in alkaline media, which con-
firms well the speculation above.

3.2.3. Electrochemical impedance spectroscopy
In this section the electrochemical behaviour of the surface

films formed on CR and PC steel was assessed by electrochemical
impedance spectroscopy (EIS). EIS data were recorded for all the
electrodes after they were immersed in test solutions for 6 h, 12 h,
1 d, 3 d, 7 d, 10 d. Figs. 7 and 8 present the EIS response evolution
of the films on the two  steels in test solutions of different pH with
immersion time. In general, the capacitance arc magnitudes of the
two steels have an increasing over immersion time in solutions of
pH 13.5 and 9.0. In fact, identical trend was  reflected at all the pH
values tested, implying the gradual growth of the surface film and
an enhancement of its protection, as reported in other works [42].
However, the main changes of EIS spectra are observed during the
first 3 days of immersion. After this period, and up to 10 days, the
EIS spectra have very close profiles, indicating the passivation of
the steels is completed and approaches to a basic steady-state after
processing for 3 days in these conditions, which is compatible to
the results reported in literatures [43,44].

Fig. 9 shows the EIS spectra (in Nyquist and Bode forms)

obtained for CR and PC steel after 3 d immersion in solutions with
pH from 13.5 to 9.0. It is evident that the changes of EIS spectra
for the two  steels with varying pH are materially different. For CR
steel, the impedance response is increasing following the pH drop-
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(a) (b)

Fig. 8. EIS of the steels in test solution with pH 9.0 at different immersion time: (a) CR and (b) PC.

(a)

(b)
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Fig. 9. EIS of the steels in test solutions of di

ing, and the capacitance arc magnitude and overall impedance are
ven lager at pH 9.0, indicating the film formed at lower pH exhibits
ore protective behaviour. While for PC steel, the capacitance arc
agnitude and overall impedance, as expected, markedly reduce

nder gradual carbonation, and could be almost negligible when
he pH falls below 10.5, signifying that carbon steel hardly passi-
ates in low pH media, which is also evidenced by the insignificant
odulus of the phase angle maxima. The EIS results for CR and PC
teel are basically accordant with the capacitance measurements
nd polarization curves.

For more detailed information on the electrochemical processes
ssociated with the surface films with pH variation, the EIS results
t pH after 3 d immersion: (a) CR and (b) PC.

were fitted using equivalent circuits. Different models had been
proposed for interpreting impedance data on passive behaviour
of steels in alkaline media. Based on some trials and literatures
support [20,21,41], the equivalent circuit depicted in Fig. 10a was
adopted to fit the experimental data, which provided a right fitting
as shown in Fig. 10b as an example with the small relevant errors
(Fig. 10c).

Constant phase element (CPE) is used for the description of

frequency dispersion behaviour corresponding to metal surface
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Fig. 10. The equivalent circuit used to model the experimental EIS data and fitting errors (taking CR steel in test solution of pH 13.5 at the immersion time of 3 d as an
example): (a) equivalent circuits, (b) experimental data and fitting results comparison and (c) error plots.

Table 5
Best fitting parameters for the experimental EIS data obtained for the steels in solutions with different pH at immersion time of 3 d.

pH Rsol(� cm2) R1(� cm2) CPE1 R2 (� cm2) CPE2

Y0 (�−1 cm−2 sn) n Y0 (�−1 cm−2 sn) n

CR 13.5 15.1 2.91 × 105 2.34 × 10−5 0.92 10.14 × 105 1.89 × 10−5 0.83
12.0  346.4 4.23 × 105 2.48 × 10−5 0.91 13.47 × 105 1.78 × 10−5 0.82
10.5  261.7 6.52× 105 2.58 × 10−5 0.89 16.32 × 105 1.70 × 10−5 0.80
9.0  160.9 7.97 × 105 2.62 × 10−5 0.89 18.76× 105 1.67 × 10−5 0.81

PC 13.5  14.9 1.97× 105 2.56 × 10−5 0.92 4.07 × 105 1.97 × 10−5 0.82
5 −5 5 −5

h
i

Z

w
f
t
0
I
r

f
t
t
t
p
r
d
t
i

12.0  345.6 1.41 × 10 2.67 × 10
10.5  260.4 2.02 × 103 1.26 × 10−3

9.0  161.3 1.81 × 103 1.38 × 10−3

eterogeneity resulting from various physical phenomena [45]. The
mpedance of the CPE is defined by Eq. (2):

CPE = 1
Y0(jw)n (2)

here Y0 is the CPE electrical constant admittance, � is the angular
requency (in rad/s), j is the imaginary number (j2 = −1) and n is
he CPE exponent, an adjustable parameter that always lies from

 to 1. The interpretation of CPE parameter depends on n value.
ntermediate n values are related to the non-homogeneities and
oughness of the surfaces.

For the meaning of the circuit elements in this circuit model, the
ollowing physical interpretation is adopted [20,21,41]. The resis-
ance connected in series with two time constants corresponds
o the ohmic resistance of the solution (Rsol). The high frequency
ime constant (R1, CPE1) can be attributed to the charge transfer
rocesses in the active surface areas (film defects/pores) and it is

epresented by the charge transfer resistance (R1) coupled with the
ouble layer capacitance (simulated by CPE1). The low frequency
ime constant (R2, CPE2) is assigned to the redox processes tak-
ng place in the areas covered with the passive film (protective
0.91 3.16 × 10 2.16 × 10 0.81
0.71 3.89 × 103 1.09 × 10−3 0.62
0.72 2.52 × 103 1.02 × 10−3 0.59

oxides) and it is composed of the passive layer resistance (R2) and
the passive film capacitance (CPE2).

Table 5 presents the fitting parameters (based on the circuit
model depicted in Fig. 10a) obtained from the experimental EIS
spectra of the two steels in test solutions of different pH after 3 d
immersion. It can be observed that for CR steel, as the pH drops, the
R1 value increases substantially, revealing that the charge trans-
fer processes become more difficult. This probably is ascribed to
the further growth and formation of more stable Cr oxides on the
metal in less alkaline media, which could retard the Fe2+ in active
areas to be released. The resistance R2 also shows a similar evo-
lution, with higher values at lower pH, evidencing the presence of
a surface film that provides higher resistance to the flow of elec-
trons in the redox processes. The CPE2 evolution with pH reveals
the surface film formed at lower pH performs heightened capac-
itive behaviour. The CPE1 shows an upward tendency following
the pH decreasing, meaning the more significant dispersion effect

of the double layer capacitance. This may  be related to the film
surface roughing as more porous and loose FeOOH/Fe(OH)3 forms
in the layer under carbonation. Even so, the film formed on CR
steel at lower pH has greater protection, for its higher polariza-
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ion resistance Rp (Rp = R1 + R2), which has been widely used to
ccount for the kinetics of electrochemical corrosion [46]. For PC
teel, the R1 and R2 reduce about two orders of magnitude when
he pH falls from 13.5 to 9.0, and the two time constants change
ramatically. All these signify that the overall film become more
nd more defective because protective Fe oxides in the film layer
ecompose gradually with pH dropping, which results in cathode
reas more approachable to accomplish depolarization and more
ctive anode areas.

. Conclusions

The electrochemical behaviour of passive films formed on alloy
orrosion-resistant steel Cr10Mo1 in comparison with plain carbon
teel in alkaline solutions of different pH (from 13.5 to 9.0) without
hlorides contamination was evaluated by potentiodynamic polar-
zation, electrochemical impedance spectroscopy and capacitance

easurements, supplemented by the chemical composition anal-
sis of the films using XPS and SIMS measurements. Analytical and
lectrochemical results evidenced that the composition and elec-
rochemical response of the surface film formed changes notably
s pH varying. The main conclusions obtained from this work are
resented below:

The passive film formed on Cr10Mo1 steel consists of both Fe
nd Cr oxides/hydroxides, exhibiting a bilayer structure with an
uter layer enriched in Fe oxides and hydroxides, and an inner
ayer mainly containing Cr species, while the film formed on car-
on steel only includes Fe species with different oxidation states.
s pH drops, for Cr10Mo1 steel and carbon steel the Fe2+/Fe3+ ratio
ecreases continuously accompanied by the resolution of Fe oxides,
hile Cr species have a gradual enrichment in the film follow-

ng the further growth and formation of more stable Cr oxides on
he Cr10Mo1 metal. This results in great differences between the
assive behaviour of the two steels in alkaline media of different
H.

The electrochemical measurements in a good agreement shows
hat, with pH decreasing, Cr10Mo1 steel bears enhanced passivity,
ignifying less alkalinity offers better conditions for a higher protec-
ive passive film forming, however, carbon steel has a significantly
eclined passivity and hardly passivates when pH below 10.5, as
xpected. For Cr10Mo1 steel, at high pH good passivity suggests
he stability of the Fe species, and at lower pH increasing corro-
ion resistance reflects the formation of a surface film richer in Cr
xides. However, for carbon steel, lower the pH, lower the corro-
ion resistance of the surface film, due to the gradual destruction
f protective Fe oxides under progressive carbonation.

Generally, the corrosion-resistant steel Cr10Mo1 has excellent
assivity at all the pH values tested, for which, besides the Fe oxides,
he Cr oxides in the film also play an important role and this is more
ignificant in low pH environments. Compared to carbon steel,
r10Mo1 steel shows a characteristic of self-reinforcing passivity
gainst carbonation. The mechanism responsible for that is when
H drops, highly protective Cr oxides get increasingly enriched

n the inner region of the film, providing the film higher corro-
ion resistance and less conductivity, although protective Fe oxides
oncentrated in the outer layer of the film decompose gradually.
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