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a b s t r a c t

This work reports the temperature dependence of the corrosion potential of passive stainless steel rebars
embedded in concrete or in alkaline media. The corrosion potential mirrored the temperature variations
and the coefficient (mV/�C) increased as the average temperature range increased. These variations were
observed in the long time-scale domain (several hours) and were interpreted based on temperature-
induced changes in the chemistry of the passive layer. This behaviour and its interpretation have not been
reported before and are of great importance from the point of view of understanding the electrochemical
behaviour of stainless steel rebars and the inspection and durability of reinforced concrete structures.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Passivity of metals involves both coupled chemical and electro-
chemical phenomena. The growth of the passive film is due to a
potential gradient between the metal and the solution, while its
dissolution rate depends on both the hydrodynamics at the inter-
face’s electrolyte side and the solubility of the oxides/hydroxides
composing the passive film. Thus, the stability of the passive film
is the result of a compromise between two kinetic processes: film
growth and film dissolution [1]. In this context, temperature
appears to be a relevant parameter in the stability of passive films.
Several approaches have been proposed to account for such effect.
Since the pioneering works in the 1970s [2,3], the critical pitting
temperature test has been widely employed for evaluating the
pitting resistance of stainless steels [4] and is the sole test incorpo-
rated into standard practices [5]. The so-called cyclic thermammetry
technique has also been employed to study the critical repassiva-
tion temperature of aluminium in nitric acid solution [6] and tem-
perature transients either under potentiostatic control have also
been described as useful thermal technique for passivity studies
in Ni-based alloys [7].

The aforementioned methodologies are based on either poten-
tiostatic or galvanostatic control of the metal-solution interface.
However, references on the effect of temperature in the corrosion
potential are scarce, and only a detailed description is given for a
Ni-base alloy [8].

Concerning the behaviour of steel reinforcements in concrete,
some literature exists on the effect of temperature on the corrosion
All rights reserved.
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rate under isothermal conditions [9,10]. The effect of variable
conditions (climatic parameters) has also been studied [11]. How-
ever, these works do not report analytical studies and its further
correlation to the electrochemical data obtained in quasi-real time
at varying temperature. All the published studies to date are lim-
ited to phenomenological descriptions of the various environmen-
tal effects and no attempts were made to deeper correlate the films
composition with its electrochemical response under temperature
variations. Thus, the present study focus on the analysis of the free
corrosion potential fluctuations induced by temperature changes,
providing new insights concerning the role of temperature on the
electrochemical response of stainless steel rebars. Field and labora-
tory experiences combined with an XPS study allow at understand-
ing this phenomenon and its implications in the field of corrosion
monitoring of steel reinforced concrete.
2. Experimental

Experiments were conducted in the laboratory and in a field
exposure site, a pool of 1.5 m � 1.5 m base dimension and 1.5 m
high, located at the seaside under flowing seawater, where the
reinforced probes under test were submerged. AISI 304 stainless
steel ribbed rods (/ = 10 mm) were employed as the testing mate-
rial. The rebars, having a lateral surface of 30 cm2 were buried in
mortar probes. The mortar samples were prepared using Portland
cement (CEM I 52.5 R) with a water-to-cement ratio = 1:2, and a
cement-to-sand ratio = 1:3. The probes were cast in cylindrical
moulds to produce testing probes of 10 cm diameter and 20 cm
height and cured in 100% RH atmosphere at 22 ± 2 �C for at least
1 month before being transferred to the test site.
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Fig. 1. Schematic representation of the distribution of the reinforcements (solid
circles on the left figure) and the distribution of tested probes in the sea water pool.
The locations of the reference electrode, SCE, and temperature sensor (Pt100) are
also indicated, together with the electrical wiring.
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Fig. 2. Typical time records of temperature and corrosion potential of an AISI 304
stainless steel embedded in mortar after 2 years exposure in seawater. (A) Natural
exposure site. (B) Laboratory condition (concrete probe temporarily transferred to
the laboratory).
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The geometry of the probes and the positioning of the elec-
trodes in the reinforced probes were described elsewhere [12].
The sole difference in the present case is that the steel rebars were
not placed at the rotation axis of the mortar cylinder because four
rebars were embedded per cylinder, as depicted in Fig. 1. The tem-
perature of the seawater and the corrosion potential of the rein-
forcing bars was recorded every 20 s for more than 2 years (the
experiment is still on-going). Periodically selected probes with sur-
rounding seawater were temporarily transferred to the laboratory
to perform controlled temperature cycles.

For the tests conducted in solutions (0.1 M NaOH) simulating
the pH of concrete interstitial electrolyte, only the cross section
of the AISI 304 SS rod was employed. The surface was polished
with SiC paper abrasion down to grade 1200, followed by rinsing
in ethanol and distilled water.

Electrochemical data (corrosion potential) were collected in the
laboratory, in a three-electrode electrochemical cell, using a poten-
tiostat (Ecochemie PGStat 30), and in the field, using a remote data
logger. The reference electrodes were the saturated calomel, SCE, in
all cases. An external salt bridge was employed when necessary to
keep the reference electrode at constant temperature.

X-ray Photoelectron Spectroscopy (XPS) measurements were
performed using a Microlab 310 F (Thermo Electron – former VG
Scientific) equipped with a Mg (non-monochromated) anode and
a concentric hemispherical analyser.

The XPS analysis was performed under pressures below
5 � 10�9 mbar, using an Al radiation (no-monochromator). The
spectra were taken in CAE mode = 30 eV and accelerating voltage
of 15 kV. The quantification was determined after peak fitting.
The peak fitting function used was a Gaussian–Lorentzian product
function and the algorithm was based on the Simplex optimization
as used in the Avantage� software.

The XPS analyses were performed immediately after immersion
of the probes in the testing solution in order to avoid any un-
wanted transformations of the passive layers formed.
3. Results and discussion

The open circuit potential of the reinforced concrete/mortar
specimens was monitored in a nearly continuous mode (every
20 s). As shown in Fig. 2A, the corrosion potential underwent
long-term variations, but also daily oscillations that were synchron-
ised with the ambient sea water temperature changes. The 5 h de-
lay marked in the figure can be attributed to the thermal inertia of
the 2 cm mortar cover. The thermal dependence of the potential is
approximately 1 mV �C�1 in this temperature range, which cannot
be attributed to thermodynamic factors (Nernst law) or oxygen gra-
dients in the confined pore network of concrete. The temperature
coefficient for the oxygen reduction reaction is given by Eq. (1), if
the oxygen concentration and pH are considered constant in the
narrow temperature range (�5 �C) measured in the field exposure
site.

dEO2

dT
¼ R

4F
ln

CO2

½OH��4
ð1Þ

From Eq. (1), the thermal coefficient dE/dT ranges between 0.2
and 0.02 mV �C�1 for concrete pore solution pH between 12 and
13, respectively. The oxygen concentration in the pore solution is
considered in equilibrium with that of the seawater, 0.23 mmol L�1.

The same periodic temperature dependence was observed in
laboratory conditions, by keeping the temperature within the in-
tended controlled ranges. Fig. 2B depicts the results obtained on
a reinforced concrete probe immersed in a seawater pool, in which
the temperature was varied between 22 and 45 �C for a 24 h peri-
od. The temperature dependence of the potential was similar to
that found for the lower temperature range (natural exposure con-
ditions, Fig. 2A) but the thermal coefficient was approximately
twice as high, �2 mV �C�1.

As the thermodynamic dependencies alone are not able to ex-
plain the observed potential variations, the next step in this re-
search was to study the composition of the passive layer and
how temperature affects it. For this purpose, tests in simulating
concrete pore solutions (NaOH solution with pH identical to that
of concrete) were conducted. The reason to choose that solution
is to have a passive film representative of the real exposure condi-
tions, but free of salt deposits, which normally hinder relevant
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Fig. 3. Evolution of the open circuit potential with immersion time for AISI 304
stainless steel samples immersed in 0.1 M NaOH solution at 25, 35 and 45 �C.
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Fig. 4. XPS spectra corresponding to the Fe species found at the electrode’s surface
after 1.5 h immersion. The deconvolution peaks correspond to (A) Fe3+-hydroxide
(713.47 eV). (B) Fe3+-oxide (711.58 eV), (C) Fe2+ (710.18 eV), and (D) Fe�
(708.04 eV), and (I) at 25 �C (II) at 45 �C.
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Fig. 5. XPS spectra corresponding to the O1s ionization for the films formed at 25
and 45 �C after 1.5 h immersion.
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information concerning the detailed passive films composition.
This approach had been commonly used to carry analytical and
electrochemical studies and very interesting insights were found
by different authors [13,14].

There is abundant literature showing that pH (and potential)
are relevant parameters defining the passive behaviour of iron
and iron-base alloys [15,16]. Moreover, there are references dem-
onstrating that no chloride incorporation occurs in the passive film
even after several weeks of exposure [17].

Fig. 3 depicts the variation of the corrosion potential vs. time
obtained for the three temperatures tested. At 25 �C, the corrosion
potential of the AISI 304 SS remained stable during the testing per-
iod. However, for 35 and 45 �C the potential shifted in the noble
direction as the immersion time increased. In fact, after stabilisa-
tion (approximately 1.3 h), Fig. 3 shows that the corrosion poten-
tial increased with the temperature; the same trend was
observed for the buried steel samples.

At the beginning of the immersion period, the more negative
potential was recorded for 45 �C temperature, which can be attrib-
uted to the lower oxygen concentration in solution. In fact, Fig. 3
shows that the corrosion potential cannot be defined solely by
the chemistry of the solution. Therefore, additional processes at
the metal concrete interface also seem to contribute significantly
to explain the observed variations.

Literature had shown that in alkaline media (as in concrete’s
pore solution), passive films of iron and iron-based alloys demon-
strate redox behaviour based on magnetite [18–20]. Magnetite oxi-
dation leads to increased surface resistivity and thus shifts the
corrosion potential in the nobler direction. The process is usually
called ‘‘ageing’’ of the passive film. Usually the trend is character-
ised by potential/time profiles similar to those presented in
Fig. 3, although the time scale very much depends on the surface
conditioning procedures [17,21].

Figs. 4 and 5 depict the XPS ionisations for Fe2p3 and O1s,
respectively, after immersion at 25 and 45 �C, according to Fig. 3.
The XPS spectra were taken without previous sputtering, thus
showing the chemical composition averaged over the size of the
radiation spot (2 � 2 mm) and the penetration depth of the incident
radiation (2–4 nm). Fig. 4 depicts the Fe2p3 ionisation spectra. The
experimental spectra can be deconvoluted into the contributions of
Fe0, Fe2+, and Fe3+ (with Fe3+ appearing in two forms, oxide and
hydroxide). The contribution from Fe0 indicates that the thickness
of the passive film was uneven, with thinner areas through which
the electrons from the substrate could be detected. This reveals that
in this averaged area, the passive film can be very thin (a few nm
only). The presence of Fe2+ can be assigned to magnetite or Fe2+
oxides. Fig. 4I (25 �C) and 4II (45 �C) reveal that the intensity of
the peak corresponding to Fe2+ (710.18 eV) decreased as the tem-
perature increased, while the opposite occurred for the peak asso-
ciated with Fe3+-oxide (711.58 eV). This suggests further
oxidation of the passive film with temperature. Moreover, Fig. 5
shows the O1s ionisation that reveals a small shift towards higher
energies and therefore the formation of more hydrated species.
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Fig. 6. Data obtained from the XPS spectra in the Fe energy window, corresponding
to the Fe species found at the electrode’s surface after 1.5 h immersion. (A) Ratio
(Fe2+/total oxides) vs. temperature and (B) ratio (Feoxide/Fehydroxide) vs. temperature.
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Fig. 6A and B summarise the quantitative analysis of the XPS
spectra. The evident conclusion from these figures is that the
passive film formed on the AISI 304 SS was sensitive to the temper-
ature. The film underwent oxidation (Fig. 6A) and hydration
(Fig. 6B) as the temperature increased.

Assuming that magnetite is the main iron compound forming
the passive film in the tested conditions, the following redox pro-
cesses [22] can be considered to be involved in the temperature-
induced transformations:

(a) Oxidation and dehydration of the Fe(II)-rich film

Formation of maghemite : 2Fe3O4 þ 2OH��! � 3c� Fe2O3 þH2Oþ 2e�

ð2Þ
Formation of hematite : 2Fe3O4 þ 2OH��! � 3a� Fe2O3 þH2Oþ 2e�

ð3Þ

(a) Oxidation and hydration of the Fe(II)-rich film

Formation of lepidocrocite : 2Fe3O4 þ OH� þH2O�! � 3c� FeOOHþ e�

ð4Þ
Formation of goethite : 2Fe3O4 þ OH� þ H2O ¢ 3a� FeOOHþ e� ð5Þ

According to the experimental data reported in Fig. 6B, the
magnetite oxidation occurs through the processes described in
Eqs. (4 and/or 5). This result is relevant because hydrated passive
films are more resistant to chloride attack due to local decreasing
of the Cl�/OH� ratio [23], and because the oxidation products
themselves can act as depolarisers of the cathodic reaction [24],
which explains the observed temperature dependence of the corro-
sion potential. The coupled cathodic and anodic reactions (during
the rising and decreasing temperature cycles, respectively) will
probably be oxygen reduction (Eq. (6)) and substrate oxidation
(Eq. (7)).

O2 þ 2H2Oþ 4e� ! 4OH� ð6Þ

Fe! Fe2þ þ 2e� ð7Þ

In this way, temperature oscillations boost the corrosion reac-
tion during the decreasing semi-cycle (Eqs. (7) and reverse 4, 5)
and modify the structure of the film during the rising semi-cycle
(Eqs. (4)–(6)). The increase in the temperature coefficient
(mV �C�1), as the average temperature increased, can be under-
stood in terms of larger transformation of the magnetite-based
passive layer, whose electrode potential is proportional to the
Fe3+/Fe2+ ratio in the oxide film [25].

The temperature-induced structural changes in the passive
layer are expected to have major effects on the long term corrosion
performance of the steel because of decreased barrier properties
and film thickening. The decreased barrier properties will be a di-
rect consequence of the quite large differences in density of the
iron oxides involved in the redox processes discussed above.

4. Conclusions

Temperature-induced corrosion potential oscillations were
investigated for AISI 304 SS in alkaline solution and in mortar. Nat-
ural and laboratory tests showed that the corrosion potential fol-
lowed the ambient temperature variations. Analytical (XPS) data
demonstrated that those potential variations were associated with
changes in the composition of the passive film, which were inter-
preted in terms of redox processes of the iron oxides present in the
passive layer.

From the point of view of the life expectancy of reinforced
concrete structures, it seems clear that environment temperature
oscillations should have an important effect in the stability and
protection efficiency of the passive film and thus it should be incor-
porated in corrosion behaviour models.
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