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In a X-ray microcomputed tomography study, active corrosion was induced by galvanostatically
corroding steel embedded in cement paste. The results give insight into corrosion product build up, crack
formation, leaching of products into the cracks and voids, and differences in morphology of corrosion
attack in the case of carbon steel or stainless steel reinforcement. Carbon steel was homogeneously
etched away with a homogeneous layer of corrosion products forming at the steel/cement paste interface.
For ferritic stainless steel, pits were forming, concentrating the corrosion products locally, which led to
more extensive damage on the cement paste cover.
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1. Introduction

The corrosion process of the reinforcing steel in concrete can be
divided into two time periods: the initiation period and the
propagation period [1]. During the initiation period the conditions
for passive film break down and initiation of corrosion develop.
During the propagation period, iron reacts with oxygen and water
to form corrosion products, mainly iron oxide/hydroxides. Because
the latter have larger specific volumes than metallic iron [2], corro-
sion products begin to inhabit the steel/concrete porous interfacial
zone, generating radial pressure [3–5], and consequently causing
cracking of concrete. Since predicting the time to concrete cracking
could lead to significant decrease in repair costs and safety during
structures’ operation, numerous service life models are developed
in order to monitor and predict the time to cracking due to the
corrosion of reinforcement [3,4,6,7].

Predicting the stability and serviceability of structures requires
crucial information about the propagation period, such as at what
point do corrosion products begin accumulating at the steel/con-
crete interface, eventually leading to corrosion-induced cracking
of the surrounding concrete. Although several models have been
developed that predict the time-to-corrosion cracking, taking into
account the nonlinear formation of corrosion products [4], and
the residual mechanical properties of concrete and reinforcement
during corrosion [3,8], differences between model predictions
and experimental results remain. These difference are attributed
to two factors: (1) a lack of understanding of the composition,
mechanical properties, and transport of the corrosion products
filling the porous zone and surrounding voids and pores [5,8,9];
and (2) most models assume a uniform layer of corrosion products
around the steel/concrete interface, which is not accurate enough
for characterizing the chloride-induced corrosion of steel
reinforcement, as highlighted in the work by Zhao et al. [10].

The difference between uniform and localized corrosion
becomes more pronounced in the case of stainless steel. With
increasing demand of prolonging the service life of structures in
aggressive environments, researchers have considered replacing
carbon steel with stainless steels with lower concentrations of
chromium and nickel [11–13]. These grades of steel can be used
where the high cost/high corrosion resistance of austenitic
stainless steel is not required e.g., for structures subjected to mild
marine environments [14]. For stainless steel, the attack can be
extremely localized with the formation of corrosion pits [15–18].
During localised corrosion a local loss of steel cross section takes
place, which can induce dramatic consequences for reinforced
and prestressed concrete structures under load. In addition, with
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the pressure from the corrosion products forming locally, it could
lead to local increase of stresses at the steel/concrete interface.

Until now the formation of pits has been limited to investigations
of stainless steel alone [15,18–20], but the kinetics of formation of
these pits inside cement paste deserves increased attention. Most
of the time, mechanisms of corrosion propagation were inferred
from indirect observation methods: (1) a ‘‘destructive’’ approach,
which requires cutting open the samples after evidence of extensive
corrosion [21]; or (2) external observations of apparent crack prop-
agation [5,6]. These indirect methods give valuable insight into the
extent of corrosion; however, information about the corrosion prod-
ucts themselves is limited. When observing an open sample, cracks
might have been induced in preparation of the sample, corrosion
products may have been displaced, and additional oxidation, as a re-
sult of the preparation environment, might change their nature. Fur-
thermore, information about morphology and volume of the studied
phases is lost through visual observation [22]. Recently, initiatives
for investigating the propagation period of reinforcement in con-
crete by non-destructive methods have been developed, such as X-
ray attenuation measurement [23]; however, this work was limited
by the low resolution of the X-ray camera—pixel size was
0.89 mm� 0.89 mm—and the lack of full three-dimensional (3D)
information on the 2-cm-thick mortar samples.

The work presented herein demonstrates the unique advanta-
ges of X-ray microcomputed tomography (lCT) using synchrotron
radiation to follow corrosion formation in cement paste. The tech-
nique allows for real time in situ 3D characterization of the follow-
ing mechanisms: (1) corrosion of the steel reinforcement; (2)
accumulation of corrosion products at the steel/concrete interface;
and (3) development of cracks in the cement paste matrix. The
main advantages of using lCT is that it is non-invasive, enables
real-time monitoring without interfering with the chemistry and
the morphology of the products and cracks, and offers the possibil-
ity of 3D-imaging of the morphology of the structure. Because the
technique is sensitive to the density of materials, the different
phases – steel, corrosion products, and cement matrix – are distin-
guishable. A similar lCT technique has already been successfully
used to study concrete [24], steel corrosion [16,18,25,26], voids
and defects in materials [27–29]. Monteiro et al. also highlighted
the efficacy of lCT in quantifying issues concerned with the dura-
bility of concrete [30].

The aim of the experimental work was to use lCT technique for
comparison of behaviour of carbon and ferritic stainless steels
embedded in cement paste and exposed to accelerated corrosion
by imposing high current density. Samples were galvanostatically
corroded for 3 h with a constant anodic current of 5 mA cm�2 and
were periodically analysed using lCT. The obtained 3D datasets,
along with the polarisation curve, determined the mechanism of
galvanostatic corrosion of steel inside concrete. A binary segmenta-
tion of the steel reinforcement helped to understand the kinetic of
the corrosion pitting by computing its average and maximum pen-
etrations, and comparing it with the penetration computed by the
mass loss equation. Finally a detailed description of the corrosion
product accumulation at the steel/cement paste interface and their
further propagation through the corrosion-induced crack network
was obtained. It shall be noted that corrosion process occurring
due to the impressed current is very different from that occurring
naturally by chloride-induced corrosion, as highlighted in details
in the work by Poursaee and Hansson in [31]. Accelerating corro-
sion with impressed current can modify the corrosion mechanism,
change the chemical conditions around reinforcing steel, alter the
type of corrosion products formed, and induce high strain re-
sponses and crack widths [31–33]. Therefore, results presented in
this paper and resulting conclusions should be limited to the com-
parison of corrosion behaviour of two grades of steel in cement
paste under the same conditions of accelerated corrosion.
2. Materials and methods

2.1. Materials

The steel samples under investigation were composed of two
different steels: carbon steel (ASTM A36), labelled CS, and low-
nickel ferritic stainless steel (UNS S41000), labelled FSS. See Table 1
for a list of their elemental compositions.

Three samples for each combination of steel were prepared, 6
samples in total. #10 reinforcing bars were cut, thinned, and
polished to create cylinders that were approximately 0.5 mm in
diameter, and 5 mm in length. Isolated electrical wires were then
connected to them to ensure the electrical connection. This con-
nection between the steel and the wire was covered with imper-
meable paint to minimize the risk of corrosion of the wire and
galvanic corrosion between the two (Fig. 1). The carbon steel spec-
imen was 0.46 mm in diameter and had an exposed length of
3.5 mm; the ferritic stainless steel was 0.37 mm in diameter and
had an exposed length of 3.6 mm. The specimens were placed into
cylindrical moulds, 5 mm in diameter, and cement paste was
poured into them. The cement paste was produced by mixing
water with ordinary Portland cement type II at a water-to-cement
ratio of 0.40. Once cement paste was poured in the mould, samples
were placed for one day in humidity chamber (95% RH), to ensure
sufficient humidity and minimize risk of shrinkage and consequent
cracking. Next, the specimens were demoulded and subjected to
additional curing in humidity chamber for 90 days.

It is important to highlight that the total size of samples was
constrained by two things: the diameter of reinforcing rebar
needed to be smaller than 0.5 mm in order to achieve optimal X-
ray transmission through steel, and the thickness of concrete cover
needed to be higher than 2 mm, in order to permit the pouring of
the cement paste. For the purpose of this research numerous sam-
ples were prepared, and only not cracked samples, without gaps
and pockets around reinforcement were used for further
investigation.
2.2. Electrochemical cell

To conduct the electrochemical measurements, a three-elec-
trode cell was used with the described reinforced cement paste
sample used as working electrode, a Saturated Calomel Electrode
(SCE) as reference electrode, and a stainless steel mesh surround-
ing the sample as counter electrode (Fig. 2). The samples were
placed in a solution containing 3.5% per mass of sodium chloride
to support the electron transfer. The end of the electrical wires
was then electrically connected to a GAMRY PCI4/750 potentio-
stat/galvanostat. All potentials were measured with respect to
the Saturated Calomel Electrode (SCE). The solution was consid-
ered saturated with respect to oxygen. Galvanostatic corrosion of
the steel reinforcement was performed by imposing a constant
anodic current density, iG, of 5 mA cm�2 for similar lengths of time
for the separate samples. The potential of the steels during galva-
nostatic corrosion, EG, was measured with respect to the reference
electrode to evaluate its corrosion evolution. The samples were
taken out of solution at three different times, when a sudden
decrease of potential was evident, and left at the open circuit
potential during lCT imaging.
2.3. Micro X-ray computed tomography (lCT)

lCT experiments were conducted at beamline 8.3.2 of the Ad-
vanced Light Source at the Lawrence Berkeley National Laboratory
[34]. The principle of X-ray tomography technique is to detect the
intensity of the transmitted fraction of X-rays passing through the



Table 1
Chemical composition of carbon steel (CS) and ferritic stainless steel (FSS).

Chemical composition, wt.%

C Si Mn P S N Cr Cu Mo Ni Fe

CS 0.19 0.10 0.62 0.020 0.022 0.005 0.07 0.04 <0.02 0.02 Bal.
FSS 0.018 0.80 0.56 0.013 <0.001 0.01 12.37 0.02 0.02 0.46 Bal.

Fig. 1. (a) Thinned reinforcing bar soldered to the electrical wire, reinforcing bar, and wire centred in the mould; and (b) schematic with the average dimensions of the
sample for micro-computed tomography.

Fig. 2. (a) Electrochemical setup used for galvanostatic corrosion showing the
potentiostat and the three-electrode cell; and (b) the X-ray micro-computed
tomography setup.
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sample (Fig. 2). When single photon energy beam is used in
absorption mode, the intensity, I, of the X-ray beam leaving a
multi-component system, and detected on the detector is attenu-
ated following Beer’s law:

I ¼ I0 exp �
X

liti

� �
ð1Þ

where I0 is the initial intensity, li is the linear attenuation coeffi-
cient of component i, and ti is the thickness of component i. The
linear attenuation coefficient is specific for different materials and
depends on the energy of the beam. Therefore, during testing for
each pixel (x0, z) on the detector the attenuated value, P, is then
determined by:

Pðx0; zÞ ¼ �ln
Iðx0; zÞ

I0

� �
ð2Þ

During a scan, the sample is mounted on the rotation stage, allow-
ing for X-ray transmission images to be captured at various rotation
angles, u. The attenuated value on the detector is hence the Radon
transform of the linear attenuation field, l(x, y, z):

Pðu; x0; zÞ ¼
ZZ

X
lðx; y; zÞdðx cos uþ y sin u� x0Þdxdy ð3Þ

The linear attenuation field, l(x, y, z), gives a 3D representation of
the sample. Using the Fourier slice theorem, l(x, y, z) is obtained
for all x, y, and z by inverting the expression for Pðu; x0; zÞ [35]. This
process, called tomographic reconstruction, was performed on
Octopus� [36]. The final 3D rendering and segmentation were per-
formed with Avizo� [37].

The resolution of the reconstructed field, l(x, y, z), depends on
the resolution of the image field, Pðu; x0; zÞ; adequate sampling of
u; x0, and z is required. After the X-rays pass the sample, they hit
a scintillator, which converts the X-rays to visible light before
being imaged with a lens onto a scientific CMOS detector. A
PCO.edge sCMOS camera (2560 � 2160 pixels) was used with a
2 � lens, giving a 3.3 lm pixel size and a field of view of
8 mm � 2 mm. A total of 1024 images were acquired while the
stage was continuously rotating from 0 to 180�.

At beamline 8.3.2 synchrotron radiation provides the photon
source, thereby insuring a high flux of photons. The monochroma-
tor is tunable over a wide range of photon energy, from 8 to 45 keV
allowing for choice of X-ray energy for optimal sample
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transmission of 20% through the sample. Because the linear atten-
uation coefficient, and the resulting transmission through the sam-
ple is a function of the energy of the incident X-rays, choosing the
appropriate photon energy is important. It is possible to estimate
the transmission through the samples tested here from Eq. (1) ap-
plied to two components, steel and cement paste, with tabulated
linear attenuation coefficients [38]. An ideal sample made of a
0.5-mm-thick piece of steel embedded in 5 mm of cement paste
would yield a transmission of 1% at 30 keV, 12% at 40 keV and
30% at 50 keV. After experimentation, a photon energy of 43 keV
was found to be optimal. This energy required the exposure time
to be about 350 ms for adequate photon counts on the CCD detec-
tor with no pixel saturation.
3. Results

3.1. Galvanostatic corrosion

The samples made out of the two different grades of steel were
corroded by applying a constant anodic current density of
5 mA cm�2 for comparable amounts of time. The potential of the
electrode was measured to determine the corrosion stage of the
steel reinforcement, and chronopotentiometric curves are pre-
sented in Fig. 3. The chosen current density was significantly high-
er than the 10–100 lA cm�2 range that would naturally occur
during corrosion of steel in concrete [6,39]; a study by Maaddawy
and Soudki [32] showed that current densities above 200 lA cm�2

induce unrealistically high strain responses and crack widths. Also,
impressing high current probably influenced chemical conditions
around the steel, causing acidification around steel surface [31].
Due to the limited availability of the lCT equipment, opting for a
higher current density, instead of compromising on the quality of
the cement paste, was considered to be a better choice to obtain re-
sults in the allocated time frame. Since the aim of the research was
to explore the full mechanism of steel corrosion, and to compare
the propagation phase of the corrosion of two grades of steel in ce-
ment paste (carbon and ferritic stainless steel), the applied current
density was considered acceptable.

During the 3 h of galvanostatic corrosion, the two steels showed
different behaviours. For the CS specimen, the potential was steady
at +1 V versus SCE for the first 45 min, after which it suddenly
dropped. It then remained constant at +0.2 V versus SCE before
dropping once again after 80 min. At the end, it stabilized at
�0.2 V versus SCE. For the FSS sample, the potential stayed at
+1.6 V versus SCE for 60 min. After that it slowly decreased and
reached its final steady value of +0.25 V versus SCE after 120 min.
Fig. 3. Chronopotentiometric curves of the carbon steel (CS) and ferritic stainless
steel (FSS) samples at an anodic current density of 5 mA cm�2.
3.2. Corrosion products formation and crack patterns in the matrix

The samples were taken out of the solution at three different
times and imaged through lCT. Once reconstructed, data were
visualized using reconstructed tomograms (Figs. 4 and 5), where
at a given height, z0, the value of the linear attenuation field,
l(x, y, z0), is displayed as a greyscale value in a (x, y)-image.
Fig. 4 shows the reconstructed tomograms for the CS sample
scanned after 0 min, 50 min, 110 min, and 170 min; Fig. 5 shows
the reconstructed tomograms for FSS sample after 0 min, 60 min,
120 min, and 180 min. In general for X-rays, the higher the density,
the higher is the linear attenuation coefficient. In both figures, steel
is denser and is the white circular areas at the centre of the sample.
The cement paste is less dense as the grey area all around the rein-
forcing bar. Within the cement paste the unhydrated cement par-
ticles were denser than the cement hydration products; note the
lighter shade of grey. Air has zero density and manifests itself as
the black areas all around the circular sample, but also in the air
voids inside the cement paste. Finally, once active corrosion began,
the corrosion products are denser than the cement paste but less
dense than steel; they manifested themselves as light grey, similar
to the unhydrated cement particles; the former were distinguished
from the latter by comparing the images before and after corrosion
occurred.

Initially, the reconstructed tomogram of the CS sample showed
the round disk of the steel reinforcing bar very close to the centre
of the cement paste disk (Fig. 4). Small air voids were present in the
cement paste, with few bigger air voids at the bottom left part of
the cement paste. After the first 50 min, a thin radial crack formed
in the cement paste, which grew larger between 50 and 110 min;
at the same time another radial crack formed on the opposite side.
At the end of the experiment, cracks 23 lm and 27 lm wide were
evidence at the outer-surface of the cement paste. While the steel
reinforcing bar in the centre lost some of its cross-sectional area,
corrosion products accumulated at the steel/cement paste inter-
face, on the walls of the cracks, and on the wall of the air voids sur-
rounding the steel reinforcing bar. In the enlarged images of Fig. 4,
corrosion products propagating from the steel surface could be ob-
served after 110 min, without any visible crack reaching out to the
surface. Corrosion products accumulated at the surface of the steel
in a homogeneously distributed layer. At the end of the experi-
ment, the corrosion layer had a homogeneous thickness of 40 lm
throughout the surface of the steel and was accompanied with
homogeneous depletion of the steel content of the reinforcing bar.

Initially, the reconstructed tomograms for the FSS specimen
showed that the steel reinforcing bar position was slightly off-cen-
tred toward the lower left of the cement paste matrix (Fig. 5).
Many air voids smaller than 100 lm were homogeneously distrib-
uted in the cement paste. After 60 min, a radial crack had formed in
the bottom part of the cement paste and grew larger from 60 to
120 min; at the same time another radial crack formed at a
+120� angle (clockwise) from the first one. At the end of the
experiment, cracks 27 lm and 74 lm wide were observed on the
outer-surface of the cement paste. The corrosion products formed
a 73-lm-thick layer only on one side of the steel reinforcing bar
in a region delimited by the two radial cracks. In comparison with
the CS specimen, the FSS specimen formed a thicker corrosion
product layer and cracks were wider on the outer-surface of the
cement paste.

3.3. Morphology of the corrosion attack

Steel was the material with the highest linear attenuation coef-
ficient (around 23 cm�1 at 43 keV). A binary representation of the
steel reinforcing bar was obtained by applying a segmentation
threshold, assigning all pixels with a linear attenuation coefficient



Fig. 4. (Top) Reconstructed tomograms of the carbon steel sample after 0 min, 50 min, 110 min, and 170 min at 5 mA cm�2. (Bottom) Enlarged areas around steel at the same
times, as indicated in (Top). The horizontal line across the reinforcement indicates the location of the linear attenuation profiles (Fig. 7).

Fig. 5. (Top) Reconstructed tomograms of the FSS specimen after 0 min, 60 min, 120 min, and 180 min at 5 mA cm�2. (Bottom) Enlarged areas around steel at the same times,
as indicated in (Top). The horizontal line across the reinforcement indicates the location of the attenuation profiles (Fig. 7).
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greater than 15 cm�1. Segmented images of the CS and FSS rein-
forcing bars are shown on Fig. 6.

From an overall smooth initial surface, the CS specimen showed
some homogeneously distributed small pits (Fig. 6a), with sizes at
the limit of the resolution of the instrument (pixel size is 3.3 lm),
which most likely formed during the thinning of the steel. After
impressing an anodic current during the first 50 min, large areas
started to corrode away from the surface of the steel. Corrosion
propagated gradually from 50 to 110 min, with hollow pits con-
nected in groups and homogeneously distributed around the
whole surface of the steel. In the CS specimen, the morphology of
the corrosion attack after 170 min had the appearance of general
corrosion.

Before galvanostatic corrosion, the surface of the FSS specimen
presented a round and smooth surface (Fig. 6b). During the first
60 min, a single pit of significant size (50 lm in diameter) and sev-
eral smaller pits (diameters of few lm) initiated in the upper part
of the sample, making the surface of the steel appear slightly
rougher. From 60 to 120 min, the first pit did not grow bigger,
but many more pits nucleated and grew. Finally, between 120
and 180 min, several of the pits grew much larger. At the end of
the experiment, only a quarter of the surface of the reinforcing
bar showed signs of severe corrosion, causing localized loss of
steel. In comparison with the CS specimen, pits that formed on
the FSS specimen were deeper and mostly disconnected. Some pits
were metastable and once formed stopped propagating, while
other pits interconnected and propagated deeper.

3.4. Type of corrosion products

Attenuation length profiles at the steel/cement paste interface
were obtained in order to evaluate the dynamic of the formation
of corrosion products (Fig. 7).

The linear attenuation coefficient is high for the middle steel
portion of the sample, and dropped sharply on the sides at the
interface with the cement paste. For the CS specimen (Fig. 7a),
the linear attenuation coefficient of carbon steel was measured
to be 19.7 cm�1, and the cement paste 1.7 cm�1. Later, steel was
consumed and the width of the steel portion was reduced, while
corrosion products accumulated at the interface with linear atten-
uation coefficients of 5–10 cm�1.

The initial attenuation profile for the FSS specimen showed sim-
ilar behaviour compared to the CS specimen (Fig. 7b). The linear
attenuation coefficient of the FSS specimen was measured to be
18.9 cm�1, and the cement paste 1.6 cm�1. After 60 min, some cor-
rosion products formed at the interface, increasing its linear atten-
uation coefficient. At 120 and 180 min, a corrosion pit formed and
a larger portion of the steel was etched away, while corrosion



Fig. 6. Binary segmentation showing the surface of the carbon steel (CS), and the
ferritic stainless steel (FSS) samples at the different times.

Fig. 7. Linear attenuation profiles across the interfaces steel/cement paste after
0 min, 50 min, 110 min, and 170 min for the carbon steel sample (CS), and after
0 min, 60 min, 120 min, and 180 min for the ferritic stainless steel sample (FSS). See
Figs. 4 and 5 to locate the profile lines on the samples.
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products accumulated on the outside of the cavity left by the steel.
These corrosion products had an average linear attenuation coeffi-
cient of 3.6 cm�1.
4. Discussion

4.1. Corrosion mechanism

When steel is exposed to alkaline environment, such as the one
found in ordinary Portland cement concrete, a passive film
naturally forms. Initially, this passive film protects the steel from
corroding. Fluctuations of the potential during constant current
are indications of the changes of the passive layer on the surface
of the steel. In a typical galvanostatic polarisation experiment con-
ducted in a pit promoting electrolyte, such as sodium chloride
solution, the resulting chronopotentiometric curve will have dis-
tinct phases related to different surface phenomena: a first sharp
increase in potential indicates pit nucleation, then pit growth is
decreasing the potential with time, and eventually a stationary
potential value is reached, indicating pit repassivation [40]. At
the beginning of exposure to high current density, for both steels,
fluctuations of the potential were visible, with potential suddenly
increasing and soon afterwards decreasing to a constant value.
These fluctuations were more pronounced in the case of CS, possi-
bly indicating more corrosion nucleation sites.

For the CS sample, the potential suddenly dropped down of
about 1 V after 45 min, while for the FSS sample, the potential
slowly decreased after 1 h of galvanostatic corrosion (Fig. 3). The
decay of potential was caused by a decrease of the specific electri-
cal resistance, with several hypotheses to explain its decrease. One
hypothesis is the ingress of chlorides in the cement matrix, directly
influencing the conductivity of the matrix, and therefore decreas-
ing its resistivity. However, the migration of chlorides would not
cause such a sudden decay in potential. Next, the total resistance
can decrease by the initiation of corrosion, and the formation of
products on the steel surface [33]. Furthermore, as the pits grew,
their areas increased, so the average current density would de-
crease. Since the current density was kept constant, the potential
decreased to support the lower current density [40]. Finally, a sud-
den decay in potential could also be attributed to the formation of
cracks, which were quickly filled with the conductive testing solu-
tion [41]. This latter hypothesis was supported by the radial cracks
shown in Figs. 4 and 5, the formation of these cracks could also be
observed as a reason for a sudden potential decay evident in Fig. 3.

The whole surface of the CS sample homogeneously corroded
away, and at the end of the experiment the corrosion attack on
the carbon steel appeared generalized (Fig. 6a). It seemed that
the whole bar started to corrode at the same time, and when the
passive film broke down, even at a small location, a microcell
formed, and the rest of the bar depassivated as well. In the case
of the FSS specimen, the potential slightly dropped after 60 min,
just before being imaged. The lCT scan revealed the presence of
a single pit (Fig. 6b). Upon continuation of the galvanostatic polar-
isation, the potential increased to a level slightly lower than before
the decrease. This was the initiation step of the pitting attack of
stainless steel, at the earlier stages of pit propagation when the pits
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are still very small, they can repassivate spontaneously. This is
called a metastable pit growth; pits form but are passivated again
just after nucleation [42]. When a small area of the film depassivat-
ed, the rest of the passive film remained strong enough to hold and
not corrode, and no metastable pits transformed into stable pit
propagation [20]. The last step in this process is the stable pit prop-
agation, which is reached when spontaneous repassivation is no
longer possible. When pits on the FSS sample eventually trans-
formed into stable pits, small areas corroded away. However small
these areas were, the steel cross section was significantly reduced.
At the end of experiment only a quarter of the surface of the FSS
sample was attacked by corrosion (Fig. 6b), confirming the local-
ized aspect of the corrosion of the FSS bar.

The potential over time remained higher for the FSS sample
compared to the CS sample. Frangini et al. [40] measured that high-
er values of pitting potentials were indications of the formation of
a more protective passive film on stainless steels. The values of po-
tential for both steel types were higher than that usually obtained
by potentiodynamic polarisation of steel in alkaline environment
contaminated with chlorides; for example results in [11,13,15]. It
is usual that galvanostatic measurements give more noble poten-
tials at which passive films breaks down, since the maximum
obtained potential reflects the sum of two competing processes:
passivation and pit nucleation. Furthermore, the value of the po-
tential is highly dependent on the applied current, and with higher
anodic current, pit nucleation occurs at higher potentials [40].

The volume of corroded steel was measured from the seg-
mented images of the two steels using the quantification tools in
the software Avizo�. It was then divided by the sample length to
give its average cross-sectional area, A; the measured average pen-
etration depth, dm, was computed by dividing the area by the
perimeter of the initial cross-section with radius, r0:
dm ¼
A0 � A
2pr0

ð4Þ

From the reconstructed tomograms, the depth of the deepest
pits was also measured and compared to the average loss of steel
measured from lCT (Table 2). For the CS sample, the deepest pit
grew from 8 lm at to 83 lm by the end of experiment. Note that
the pit at the beginning of the experiment is most likely not a cor-
rosion pit, but a machining flaw. At the end of the galvanostatical-
ly-controlled corrosion, the deepest pit was almost 6 times deeper
than the average general penetration depth. This value is in the
range of values from other studies, where the maximum penetra-
tion was measured to be 4–8 times the average general penetration
[43]. For the FSS specimen, the deepest pit grew to be 124-lm-
deep by the end of experiment. It was about 12 times greater than
the average general penetration depth. Therefore, in the case of FSS
specimen when the pits eventually transformed into stable pits,
small areas were corroded away, with consequent important local
Table 2
Thickness loss measured by lCT during galvanostatic corrosion at an anodic current
of 5 mA cm�2.

Thickness loss (lm) 0 min 50 min 110 min 170 min

CS
Average 0 3.5 8.0 13.9
Deepest pit 8 18 46 83

0 min 60 min 120 min 180 min

FSS
Average 0 1.8 5.7 10.9
Deepest pit 0 41 85 124
cross-section reduction. The corrosion on the FSS specimen was
localized, as opposed to the generalized corrosion seen on the CS
specimen.

Faraday’s law of electrolysis provides a convenient way to pre-
dict the amounts of species that are produced/reacted during an
electrochemical reaction, e.g., for A ? An+ + n.e�:

m ¼ ItM
nF

ð5Þ

where m is the mass of steel consumed, I is the current, t is the time,
M is the atomic weight of the metal, n is the ionic charge, and F is
the Faraday’s constant. The computed average penetration depth,
dc, is calculated by dividing m by the exposed surface of metal,
and by its density, q:

dc ¼
itM
nFq

ð6Þ

where i ¼ I
A is the current density. For iron, n = 2, M = 55.9 g mol�1,

q = 7.87 g cm�3, hence:

dc ¼ 1:332it ðlmÞ ð7Þ

with i in mA cm�2 and t in hours. This calculated penetration depth,
dc, is compared with the measured values, dm (Fig. 8).

The penetration depth predicted by the Faraday’s law was, in
both cases, larger than the volume loss measured by the lCT
experiments. At the beginning of the galvanostatic corrosion, cur-
rent was used and metastable pits were formed: the steel was still
in a passive state, and active corrosion had not formed yet. After
the initiation period, once the passive film broke down, the average
penetration grew linearly with time, at a rate close to the rate pre-
dicted by Faraday. Similar results were found by Andrade et al.,
while measuring the weight loss by gravimetric method [44]. Some
corrosion mechanism models include nonlinear corrosion products
growth. After corrosion products have formed, they influence the
behaviour of the steel; a layer of corrosion products blocks the con-
tinuous formation of new products [4]. The effect of the accumula-
tion of corrosion products on the corrosion product growth is
described by nonlinear equations [3]; however, no evidence of this
behaviour was observed in this experiment, most probably due to
the high galvanostatic current density. The observed propagation
of corrosion product was important and might have arisen from
this high electrical field.
Fig. 8. Comparison between the steel average corrosion penetration depth
predicted by Faraday’s law (dc) and measured by lCT (dm) for the carbon and the
ferritic stainless steel.



Fig. 9. 2-phase segmentation of the carbon steel (CS) and the ferritic stainless steel
(FSS) samples at different times. The steel is in light grey, the propagating corrosion
products are in orange, and the propagating cracks and the air voids are in dark
grey. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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4.2. Crack formation and propagation of corrosion products

At the same time the passive film broke down, radial cracks
initiated on both steels (Figs. 4 and 5). Corrosion products accumu-
lated at the interface between steel and cement paste, and their
expansion generated a tensile hoop stress in the cement paste ma-
trix. When the pressure reached the tensile strength of the matrix,
the cement paste broke, and radial cracks propagated from the
steel toward the exterior of the sample. Knowing the linear atten-
uation coefficient of the phases present in the samples, the tomog-
raphy data was segmented to obtain a 3D image of the system
corrosion products/crack. The voxels with linear attenuation coef-
ficients from 0 to 1 cm�1 were assigned to voids and cracks, from
2.2 to 9 cm�1 to corrosion products, and above 9 cm�1 to steel.
The 3D structure of the samples was visualized by showing the
cracks in shades of black and the corrosion products in shades of
orange (Fig. 9). Sharp contrasts were obtained between empty
cracks (black voxels) and the cement paste (shades of grey), there-
fore the sensitivity of crack detection was close to the technique’s
spatial resolution, which is twice the voxel size, i.e. 6.6 lm.

Initially, the CS specimen did not show any trace of corrosion
products or cracks. After 50 min, corrosion products had accumu-
lated around the steel reinforcing bar. They also started to propa-
gate outward, filling up the walls of a 0.3-mm-diameter air void.
Two thin radial cracks formed: crack #1 reached the external face
of the cement paste, while crack #2 was still small. Between 50 and
110 min, more corrosion products accumulated around the steel
bar, and some propagated out and were located next to crack #1,
but did not follow it. Crack #2 grew longer and reached the exter-
nal face of the cement paste matrix. Between 110 and 170 min,
more corrosion products accumulated around the steel bar, and
continued to propagate next to crack #1. Other corrosion products
started to propagate and deposit along crack #2.

Initially, the FSS specimen did not show any trace of corrosion
products or cracks. After 60 min, corrosion products had accumu-
lated around the steel reinforcing bar and filled out two small air
voids next to the reinforcing bar. Three radial cracks formed at
120� angles from each other: crack #1 reached the external face
of the cement paste, while crack #2 was small, and crack #3 even
smaller. Between 60 and 120 min, crack #1 and crack #2 grew lar-
ger, and more corrosion products accumulated around the steel bar
and propagated out into crack #1 and crack #2, depositing on their
walls. Crack #3 remained stable and no corrosion products propa-
gated into it. Between 120 and 180 min, more corrosion products
formed. They propagated in a non-uniform front into the cracks.
The reinforcing bar of the FSS sample was off-centred, causing dif-
ferent cover thicknesses at different sides; it was the smallest on
the lower-left side (Fig. 5). Under the same electrochemical condi-
tions, the corrosion of steel at this side became easier than at other
sides, major corrosion happened, and it led to the two main cracks.
On the other FSS sample with an off-centred reinforcing bar, the
same behaviour was observed, with the bar corroding locally on
the side with smallest cover thickness.

One model for crack formation and propagation of corrosion
products is the following [3,21]: (1) the crack initiates and grows
radially outward; (2) once it has fully cracked the concrete cover,
the outer solution can directly reach the steel/cement paste inter-
face and corrosion forms at the mouth of the crack; and (3) the
accumulation of corrosion products at the tip of the mouth causes
stresses that open the crack linearly with the distance to the cen-
tre. A corollary to this three-step mechanism is that corrosion
products can only propagate through an open crack. For the FSS
specimen in the reconstructed tomograms of Fig. 5, no clear corro-
sion products propagated out of the crack that did not reach the
surface of the cement paste cover (crack #3). Furthermore, on
the CS specimen in Fig. 4, it appeared that corrosion products prop-
agated out of a crack that did not reach the concrete cover. Subse-
quent analysis of a bigger dataset with longer surfaces (not shown
here) demonstrated that the crack actually belonged to a crack net-
work that contained an open crack. This was in agreement with the
aforementioned three-step mechanism described.
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Information about the type of corrosion products could be de-
ducted by comparing the experimental linear attenuation coeffi-
cient with its computed value, l:

l ¼ q
X

fili ð8Þ
where the material has a density, q [2], and each atomic element, i,
has an atomic weight fraction, fi, and a mass attenuation coeffi-
cients, li [38]. At photon energy 43 keV, the computed linear atten-
uation coefficient of steel is 23 cm�1, and the cement paste
1.7 cm�1. For corrosion products, it was 13 cm�1 for denser iron oxi-
des, like iron(II)-oxide FeO, and it was 6.6 cm�1 (resp. 5.7 cm�1) for
less dense iron oxides, like iron hydroxides Fe(OH)2 (resp. Fe(OH)3).
For hydrated iron hydroxide Fe(OH)3�3H2O, the linear attenuation
was even lower, 4.2 cm�1.

At the steel interface of the CS specimen, linear attenuation
coefficients covered a wide range from 5 to 10 cm�1 (Fig. 7a). These
values are below the values for iron(II)-oxide but are in the range
of the iron hydroxides. At the wall of the pit cavity on the FSS spec-
imen, the average linear attenuation coefficient was 3.6 cm�1

(Fig. 7b). This value was close to the linear attenuation coefficient
of hydrated iron hydroxide. Hydrated iron hydroxides are less of-
ten found as corrosion products during ‘‘destructive’’ observations
of corroded samples [5,45], due to the fact that the products are
inevitably exposed to air during preparation of samples for inves-
tigation. Because the values of linear attenuation coefficient were
different between the both steels, this might indicate that the
types of corrosion products forming in both cases were different.
However, determination of exact composition of the corrosion
products is not obvious. First, the voxel size of the lCT instrument
was 3.3 lm � 3.3 lm � 3.3 lm so it was not possible to distin-
guish microstructural features that were smaller than this size. In
particular, corrosion products can form a porous network with
pores below the micrometre scale; this may lower the apparent
density and attenuation coefficient. Second, the predicted values
of the linear attenuation coefficients are computed from tabulated
values of the density of the products that can lead to large uncer-
tainties. For a more precise determination of the type of corrosion
products, spectroscopy work would be more appropriate, enabling
distinctions between oxidation states.

5. Conclusion

This work provided qualitative as well as quantitative informa-
tion about the propagation of corrosion of steel embedded in ce-
ment paste. Applying an external anodic current of 5 mA cm�2

accelerated the corrosion rate in a reproducible manner on two dif-
ferent specimens, one containing carbon steel, and the other fer-
ritic stainless steel. The crack patterns and the propagation of the
corrosion products were measured non-invasively by lCT, allow-
ing the analysis of the mechanisms in real time. The experimental
image sets resolved the cracked cement paste, the propagating cor-
rosion products, and the corroded steel with a resolution of few
micrometres. Quantitative measurements of the linear attenuation
coefficients and the size of the features were also performed.

Five major conclusions can be drawn from this work:

(1) X-ray microtomography can be used for 3D in situ, non-
destructive monitoring of the full mechanism of steel corro-
sion in cement paste. After a passivity period where no sign
of corrosion was seen, the surface of the steel reinforcement
was progressively etched away, and the corrosion products
accumulated at the steel/concrete interface. When they
reached a certain pressure, the cement paste fractured, and
cracks propagated in the concrete matrix. The corrosion
products then propagated outward along the cracks, eventu-
ally depositing on the walls of the cracks.
(2) With respect to the morphology, carbon steel showed a
homogeneous corrosion, with the entire surface gradually
etched away. Conversely, ferritic stainless steel corroded
locally, with the formation of corrosion pits distributing over
a quarter of its surface. The deepest pit in the case of carbon
steel was about 6 times greater than the average general
penetration depth, and in the case of ferritic stainless steel,
12 times greater.

(3) After depassivation of steel, the average rate of steel loss
measured by lCT correlated well with the rate predicted
by Faraday’s law of electrolysis.

(4) Localised corrosion attack observed on ferritic stainless steel
specimen led to concentrations of stresses that caused wider
cracks in the cement paste compared to the generalized cor-
rosion of carbon steel.

(5) Corrosion was induced by strong levels of current flow, and
corrosion products were attracted away from the steel sur-
face by strong electrical migration. This prevented their fur-
ther accumulation at the steel surface.
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