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� New Cr modified steels resistant to corrosion are developed for steel rebar.
� Cr modified steels exhibit higher chloride thresholds and lower corrosion rates.
� Passive film of Cr modified steel and HRB400 steel are different.
� Cr modified steels have longer durability than HRB400 steel.
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Cr modified alloy steels using HRB400 steel as base alloy were produced by remelting in a vacuum. Their
corrosion resistance were estimated by open circuit potential, electrochemical impedance spectroscopy,
X-ray photoelectron spectroscopy and immersion test in saturated Ca(OH)2 simulated concrete pore solu-
tion. The modified alloy steels exhibit higher corrosion resistance with a high chloride thresholds, lower
corrosion current density and higher impedance than HRB400 steel rebar. Cr can modify the proportion of
Cr element in the passive film. The immersion test showed that the new alloy steels have lower corrosion
rates. The new alloy steels have longer durability than HRB400 steel.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

At present, a large number of reinforced concrete structures are
used in the marine environment. Reinforced concrete structure
damage caused by chloride corrosion is widespread and causes
great loses in economy [1–3]. In order to improve the durability
of the concrete structure, the scholars and engineers have done a
lot of research [4–8]. There are currently numerous strategies
available for increasing the service life of reinforced structures
exposed to chloride salts, including the use of: high performance
concrete; chemical corrosion inhibitors, protective coatings on
steel reinforcement, corrosion resistant steel, non-ferrous rein-
forcement, waterproofing membranes of sealants applied to the
exposed surface of the concrete, cathodic protection, and combina-
tions of the above. Concrete is a kind of permeable pore grid struc-
ture material and the concrete structure surface cracks can hardly
be avoided, so in chloride enriched environment, it is inevitable for
chloride ion penetration in concrete.

Some countries have already started to use stainless steel rebar
in severe corrosive environment conditions [9–12]. Compared to
carbon steel, stainless steel can significantly improve the chloride
thresholds (CTL), prolongs the corrosion initial stage of rebar in
concrete. In some corrosive environments, important and long ser-
vice life designed new bridge structures using stainless steel
showed significant corrosion resistance [10]. However, because it
contains a large amount of expensive Cr and Ni element, the price
of stainless steel is 4–6 times of carbon steel, limiting it widely use
in project.

The corrosion resistance of steels to corrosive environments can
be improved by adding alloy elements, which possibly differ in var-
ious corrosive environments. In the atmosphere, Cr, Cu and P in
weathering steels are the main additives to increase resistance to
electrochemical dissolution [13–15]. In a marine environment, Cr,
Al and Mo in low-alloy steels have been considered as better than
C steels [16–20]. In electrolytic solutions, the corrosion behavior of
low-alloy steels with small amounts of Cr, Cu, Ni and Ca can be
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Fig. 1. Variations of the Ecorr for the specimens in saturated Ca(OH)2 solution with
different concentrations of chloride ions.
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improved [21]. In order to improve the corrosion resistance of steel
bar, Doctor Gareth Thomas invented a low carbon steel containing
9–11% Cr called MMFX steel rebar [22]. Independent tests show
that MMFX provides twice the strength of conventional steel. It
also provides five times more corrosion resistance than conven-
tional steel and is superior to products such as epoxy-coated rebar
(ECR) and galvanized rebar [10].

The mechanism of enhanced corrosion resistance is associated
with Cr alloying. Protective corrosion products can form on the
surface of low-Cr steel to improve CO2 corrosion resistance [23].
A critical Cr content is set for low-alloy steels to avoid localized
corrosion. The critical value ranges from more than 3 wt.% Cr to
4 wt.% Cr [24]. However, atmospheric environment and marine
environment is generally neutral corrosion environment, the car-
bon dioxide dissolved in water is acidic corrosion system.
Reinforcing steel in concrete is normally under a passive state
due to the formation of a protective oxide layer on the steel sur-
face, the corrosion mechanism is different from neutral and acidic
corrosion systems [25–29].

Currently, carbon steel is still the dominant rebar in concrete
structures. In marine environment, the corrosion resistance of car-
bon steel is very limited, adding small amount of Cr may improve
the corrosion resistance of reinforced concrete in marine environ-
ment, also it cost will be reduced. However, there is little study on
the corrosion behaviors of low Cr modified steel rebar in concrete.

In the present study, the effects of Cr on the corrosion behavior
of carbon steel rebar are investigated. Using HRB400 steel rebar as
base material, Cr modified steels were produced by remelting in a
vacuum. The electrochemical corrosion behavior of the modified
steels is estimated by open circuit potential and electrochemical
impedance spectroscopy (EIS) in saturated Ca(OH)2 concrete pore
solution containing various concentrations of chloride ions. The
chloride thresholds of the Cr modified steels were compared with
HRB400 steel rebar, the corrosion kinetics of the modified steels
was compared with HRB400 steel.

2. Experimental

2.1. Materials and solution

The steel used was HRB400 steel rebar made by China Nanjing iron and Steel
Group Company. The chemical composition (in % by mass) was 0.19% C, 0.57% Si,
0.57% Mn, 0.024% S, 0.017% P and the residual Fe. Two alloy steels were prepared
by adding 1.5 wt.% Cr, 3.0 wt.% Cr and 5.0 wt.% Cr to HRB400 steel bases. The steels
were then remelted in a vacuum induction furnace. The new alloy steels were
respectively marked as Steels 1.5Cr, 3Cr and 5Cr. The steel samples were reheated
at 1200 �C for 30 min and rolled to approximately 50% thickness reduction. Plates
that were 4 mm thick were obtained. The plates were reheated at 900 �C for
10 min and cooled in air. The microstructures observed via optical microscopy con-
sisted of ferrite-pearlite which was the same as the as-received HRB400 steel.

The modified steels and HRB400 steel were machined into specimens for elec-
trochemical measurements and immersion tests. The specimens for the electro-
chemical measurements had a dimension of 10 �mm10 �mm � 3 mm, whereas
those for the immersion tests had a dimension of 50 mm � 25 mm � 3 mm The
exposed surface of the specimens for electrochemical measurements was
10 mm � 10 mm, with an area of 1 cm2. A copper wire was welded to one end sur-
face of the steel specimen and the other end surface was used to test in the electro-
chemical methods. The flank and the end surface with a thick copper wire were
sealed by means of epoxy resin. The tested surface was polished with SiC water
polishing papers with grits of 150#, 400#, 800#, 1000# and 1200#. Last, the steel
specimen was ultrasonically degreased in acetone and washed in distilled water.

The saturated Ca(OH)2 solution was chosen to simulate the concrete pore solu-
tion in the present work. All chemical reagents applied in the current work were of
analytical grade reagents and experimental water was deionized water.

2.2. Electrochemical measurements

The electrochemical measurements were carried out with the Partstat 2273
Advanced Potentiostat/Galvanostat/FRA system. A classical 3-electrode device
system was employed: the steel bar was a working electrode, while a saturated
calomel electrode and a platinum electrode were connected to work as a reference
and auxiliary electrode, respectively.
Prior to the measurements, the steel bars were immersed in the saturated
Ca(OH)2 solution for 7 days to promote a passive layer in order to simulate field
condition sand three parallel steel samples were placed in every exposure solution
[30,31]. After this, the aggressive chloride ions were supplied by sodium chloride
and added 0.2 wt.% every 2 days, the Ecorr and EIS were measured at the end of
the 2-day period. The EIS data was obtained with the frequency range from
100 kHz to 10 mHz and a sinusoidal potential perturbation of 10 mV at the open cir-
cuit potentials. The experimental results were interpreted based on an equivalent
electrical circuit by using a suitable fitting procedure of ZSimpWin. All measure-
ments were carried out at ambient temperature approximately 25 �C.
2.3. XPS analysis

The chemical composition of the films was investigated by X-ray photoelectron
spectrometer (XPS) with a monochromatic Al Ka radiation source and a hemispher-
ical electron analyzer operating at a pass energy of 25 eV. The curve fitting was per-
formed by the commercial software Xpspeak version 4.1, which contained the
Shirley background subtraction and Gaussian–Lorentzian tail function for better
spectra fitting.
2.4. Immersion test

Immersion test was conducted in saturated Ca(OH)2 solution with 10 wt.% NaCl
solution at 35 �C. The 10% of NaCl (wt.%) was added into the solution to accelerate
the corrosion process, and simultaneously to simulate the very aggressive environ-
ment such as salt mines or the structures used in the splash zones [32,33]. After the
test, the morphology of the corroded specimens was observed, and the corrosion
rates were obtained through the weight loss of the specimen.
3. Results and discussion

3.1. Evolution of electrode potentials

The evolutions of the Ecorr for the specimens immersed in satu-
rated Ca(OH)2 solution with the concentrations of chloride ions are
presented in Fig. 1. It can be found that, the Ecorr for the specimens
without chloride ions are around �250 mV vs. SCE. With the
increasing amount of chloride ions, the Ecorr gradually reduce.
Moreover, an abrupt decrease for Ecorr appears when the chloride
ions are reached a certain level, which is due to the breakdown
of the passive film caused by the aggressive chloride ions. And it
is suggested that the Ecorr ranges from �350 mV to �450 mV at
the corrosion initiation [31], Fig. 2 shows the critical chloride level
(CTL) of steels. The CTL in saturated Ca(OH)2 solution were 2.8 wt.%
NaCl for 1.5Cr steel, 4.4 wt.% NaCl for 3Cr steel and 7.4 wt.% NaCl
for 5Cr Steel which are more large than the value of 1.2 wt.%
NaCl for HRB400 steel. The phenomenon indicates that adding Cr
in HRB400 steel can significantly improve the chloride thresholds
of the steel rebar. This finding is consistent with some research
on MMFX steel [27].
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3.2. EIS

The Nyquist plots of EIS immersed in saturated Ca(OH)2 solu-
tion with different concentrations of chloride ions is given in
Fig. 3. Nyquist plots usually show a capacitive loop and the diam-
eter of capacitive loops decrease with the increase of chloride ions,
which is caused by the corrosion of chloride ions on the oxide layer
of the steel surface. Electrochemically, the EIS curve in the high fre-
quency suggests the resistance between electrolyte solution and
the working electrode while that in the low frequency is closely
related to the charge transfer resistance of the corrosion process
[34]. An equivalent electrical circuit with one time constants, as
shown in Fig. 4, is proposed to simulate the electrochemical
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Fig. 3. Nyquist plots for the specimens in saturated Ca(OH)2 solution containing v
process of steels which has been used by other authors [35]. In
Fig. 4, Rs is the resistance of the solution, Rp represents the polar-
ization resistance caused by charge transfer reaction. Rp consists
of passive film resistance Rf and charge transfer resistance Rct

[36]. The protective performance of passive film can thus be
described by Rp. Qdl is a constant phase element (CPE) or a capac-
itance of the double layer capacitor that characterizes the charge
separation between the metal and electrolyte interface. The total
impedance Z, shown in Fig. 4, can be written as:

Z ¼ Rs þ
1

ZQdl
þ 1

Rp

ð1Þ

However, the double-layer capacitor does not behave ideally
because of the roughness caused by the corrosion product layer.
The impedance of a capacitor has the following form [37]:

Z�1
Qdl
¼ Q dlðjxÞ

n ð2Þ

where x is the angular frequency, j is the imaginary number and n
is the CPE power. The factor n is typically between 0.5 and 1.0 [38].
When n = 1, a CPE is equivalent to an ideal capacitor.

The impedance of Qf has the same form as that of Qdl in Eq. (1).
The values of the electrical circuit elements from the best fitting

are listed in Tables 1–4. It can be seen that Cr modified steel have
higher Rp than HRB400 steel. This result indicates that adding Cr in
steel is advantageous for corrosion resistance. Rp was introduced
into the Stern–Geary equation to calculate the corrosion current
density (Icorr). The Stern–Geary equation is Icorr = B/Rp; in which B
is Stern–Geary constant, assumed to be 26 mV [39,40].

The Icorr obtained from the EIS curves for the specimens
immersed in saturated Ca(OH)2 solution with the concentrations
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arious concentrations of chloride ions. (a) HRB400, (b) 1.5Cr, (c) 3Cr, (d) 5Cr.



Fig. 4. Equivalent circuit applied to analyze the measured EIS results.

Table 1
EIS fitting parameter values of HRB400 steel rebar.

NaCl (wt.%) Rs, X�cm2 Qdl, lF�cm�2�Sn�1 n Rp, kX�cm2

0 17.34 0.274 0.96 867
0.2 16.98 0.269 0.96 839
0.4 16.73 0.266 0.95 813
0.6 15.57 0.316 0.94 765
0.8 14.02 0.263 0.96 578
1.0 11.46 0.324 0.94 400
1.2 11.36 0.281 0.96 236
1.4 10.13 0.404 0.93 186

Table 2
EIS fitting parameter values of 1.5Cr steel rebar.

NaCl (wt.%) Rs, X�cm2 Qdl, lF�cm�2�Sn�1 n Rp, kX�cm2

0 17.28 0.269 0.97 963
1 11.62 0.234 0.97 618
2 7.90 0.346 0.96 508
2.2 7.87 0.317 0.95 476
2.4 7.75 0.342 0.96 424
2.6 7.62 0.358 0.95 348
2.8 7.36 0.413 0.94 211
3.0 7.43 0.466 0.93 161

Table 3
EIS fitting parameter values of 3Cr steel rebar.

NaCl (wt.%) Rs, X�cm2 Qdl, lF�cm�2�Sn�1 n Rp, kX�cm2

0 17.48 0.255 0.96 1083
1 11.38 0.281 0.96 605
2 7.90 0.350 0.98 531
3 7.52 0.301 0.95 500
4 6.61 0.268 0.97 390
4.2 5.30 0.264 0.97 317
4.4 5.27 0.294 0.96 228
4.6 4.96 0.281 0.97 207

Table 4
EIS fitting parameter values of 5Cr steel rebar.

NaCl (wt.%) Rs, X�cm2 Qdl, lF�cm�2�Sn�1 n Rp, kX�cm2

0 16.89 0.449 0.90 3250
1 13.29 0.445 0.94 1529
2 13.59 0.437 0.91 1238
3 13.09 0.442 0.92 1130
4 10.65 0.332 0.94 1000
5 5.91 0.386 0.93 800
6 4.59 0.279 0.96 600
7 4.13 0.217 0.95 400
7.2 3.71 0.240 0.95 310
7.4 3.28 0.466 0.84 170
7.6 2.76 0.789 0.83 146
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Fig. 5. Variations of the Icorr for the specimens in saturated Ca(OH)2 solution
containing various concentrations of chloride ions.
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of chloride ions are depicted in Fig. 5. Initially, the corrosion cur-
rent densities Icorr are quite low because of the compact oxide layer
on the steel surface. With the chloride ions increase, the Icorr

increase gradually and a sharp increase for Icorr occurs when a cer-
tain level of chloride ions is reached. Similar to the abrupt change
of Ecorr, the abrupt increase of Icorr is associated with the damage of
the passive film, indicating that the active corrosion of pitting
occurs. So, the CTL for the HRB400 is 1.2 wt.% NaCl, 4.4 wt.% NaCl
for 3Cr steel and 7.4 wt.% NaCl for 5Cr steel. In addition, the Icorr

for the specimens at the onset of pitting corrosion is more than
0.1 lA/cm2, which is usually regarded as the sign of active corro-
sion for the steel in some previous literatures [39,41]. It can be
seen that with the increase of Cr content, the CTL value of steels
are increased. The chloride threshold value of 1.5Cr, 3Cr, 5Cr steel
is 2.3, 3.7, 6.2 times larger than HRB400 carbon steel. Cr alloy can
significantly improve the durability of HRB400 carbon steel rebar
in marine environment.

3.3. Composition of passive film

The chemical composition of the passive film may have great
impacts on the semiconducting properties and corrosion behavior
of steel. The chemical composition of the passive film formed at
OCP in saturated Ca(OH)2 solution for 7 day was assessed by XPS.
As shown in Figs. 6–8, all of the metallic and oxidized states of
Fe2p3/2, Cr2p3/2, O1s, are presented. After background subtraction
according to Shirley, the XPS results are separated into contribu-
tions of the different oxidation states by a fit procedure. Binding
energy shift was observed mainly in iron (Fe2p3/2), chromium
(Cr2p3/2), oxygen (O1s), profiles indicating changes in passive film
composition with increase in chromium content. Spectra deconvo-
lution of the primary compounds of the passive film, such as iron,
chromium, oxygen, are shown based on their binding energies (Eb),
which are listed in Table 5.

As is shown in the Fig. 6, the iron profile showed mainly three
peaks Fe (met) (707.7 eV), FeO (709.4 eV) and FeOOH (711.8 eV).
Compared with the relative peak heights of Fe2+ and Fe3+ indicate
that FeOOH are the primary iron oxidized species in the passive
film of HRB400, 1.5Cr, 3Cr and 5Cr steel in the saturated Ca(OH)2

solution.
As is shown in the Fig. 7, the chromium peaks could only be

seen in 3Cr and 5Cr steel, and the chromium profile showed mainly
two peaks: Cr(OH)3 (577.1 eV) and CrO3(578.2 eV). As the content
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Fig. 6. The XPS spectra of Fe2p3/2 of the passive films formed on steel surface after passivation in saturated Ca(OH)2 solution for 7 days.
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Fig. 8. The XPS spectra of O1s of the passive films formed on steel surface after passivation in saturated Ca(OH)2 solution for 7 days.
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Table 5
The binding energies of the primary compounds of steel passive film obtained from
XPS spectra deconvolution.

Element Peak Species/bing energy (eV)

Fe 2p3/2 Fe(met)/707.7; FeO/709.4; FeOOH/711.8
O 1S O2�/530.2; OH�/531.8; H2O/533
Cr 2p3/2 Cr(OH)3/577.1; CrO3/578.2

(a) (b) (c) (d)

Fig. 9. Corrosion morphology of steel immersion in saturated Ca(OH)2 solution
with 10% NaCl for 7 days. (a) HRB400, (b) 1.5Cr, (c) 3Cr, (d) 5Cr.
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of the chromium increased, the intensity of CrO3 is less compared
to the 3Cr steel and the intensity of Cr(OH)3 is much higher. Hence,
in saturated Ca(OH)2 solution, the addition of chromium to the
HRB400 steel may change the components of the passive film [42].

Fig. 8 also shows the core-level spectra of the passive film
formed on steel rebar in the O1s region. Oxygen species, O2� and
OH�, in passive film play the role of connecting metal ions. The
O1s spectra may also be split into three components O2�

(530.2 eV), OH� (531.8 eV) and H2O (533 eV). It can be seen that
OH� is the primary constituent of the passive film, which corre-
sponds to the formation of Cr(OH)3 and FeOOH. While O2� is also
the primary constituent of the passive film, which corresponds to
the formation of FeO.

3.4. Corrosion rates from the immersion test

According to some research results, weight loss method in sim-
ulated concrete pore solution could reflect the steel rebar corrosion
behavior in concrete [43,44]. To simulate the corrosion behavior of
extremely harsh environment, immersion test were performed on
the steel specimens in saturated Ca(OH)2 solution with 10 wt.%
NaCl solution for 7 days. After the immersion test, the surfaces of
the corroded specimens were observed. The corrosion rates were
obtained by the weight loss of the specimens. The images of the
steel specimens immersed in saturated Ca(OH)2 solution with
10 wt.% NaCl solution at 35 �C for 7 d are shown in Fig. 9.
Localized corrosion occurs on the specimens of steels. HRB400
steel surface has a lot of corrosion products, with the increase of
Cr element content, steel corrosion degree decreased significantly.

The average corrosion rates from the weight loss of the speci-
men are shown in Fig. 10. Cr modified steel have lower corrosion
rates than HRB400 steel, thus indicating that Cr element in steel
improve corrosion resistance. 5Cr steel has the lowest corrosion
rate, its corrosion rate is only 39.8% of HRB400 steel. From the
results of immersing corrosion test, corrosion rate of Cr modified
steel was significantly lower than that of HRB400 steel, which
means once the steel rebar start to corrosion in concrete, using
Cr modified steels could prolong the time of concrete cracking.
4. Conclusions

In this paper, the results obtained from the present study on the
effects of Cr on the corrosion behavior of steel in saturated Ca(OH)2

simulated concrete pore solution have been presented. The follow-
ing conclusions can be drawn from this investigation:

(1) Cr modified steels exhibit higher corrosion resistance with a
higher chloride threshold value. Cr modified steels have a
lower corrosion current density and higher impedance than
HRB400 steel. The chloride thresholds value of 1.5Cr, 3Cr,
5Cr steel is 2.3, 3.7, 6.2 times larger than HRB400 steel.

(2) It can be concluded that the primary constituents of the
films in saturated Ca(OH)2 simulated concrete pore solution
are iron oxides. With the increase of the content of Cr ele-
ment, chromium oxides can be observed in 3Cr and 5Cr steel
passive film.

(3) Compared with HRB400 steel rebar, with the Cr element
content increased, the corrosion rate decreased, 5Cr steel
has the best corrosion resistance.
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