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Monuments in stone often contain metallic reinforcements which stability and degradation state is determinant for the entire
integrity of the edifice. Understanding their long-term corrosion process is thus an essential step towards a safe and efficient
conservation strategy. In this study, we show that combining laboratory and synchrotron tomography at different scales is
efficient at getting an overall three-dimensional picture of the iron corrosion products found in iron rebars from the Cathedral
of Orléans. We demonstrate that beside a chemical characterization of the corrosion products, the study of the shape of the
corrosion products, their spatial distribution within the stone binder and their relationships with the porosity of the binder can
bring significant insights concerning the corrosion process itself, and particularly help in understanding the multiple roles that

porosity plays on the corrosion.

1 Introduction

Gothic cathedrals have been built thanks to metallic reinforce-
ment, metallic chains and rebars. These elements can be
embedded in lime, mortar or hydraulic binders and corrode
in contact with these media'. The mechanical resistance of
the metallic elements is affected by the corrosion processes,
endangering the edifice>?. In order to assess the possible
damages and establish a reliable conservation diagnosis, a
thorough knowledge of the corrosion mechanisms is thus re-
quired*>. The corrosion part can be schematically described
by the presence of a corrosion layer constituted of iron ox-
ide and oxi-hydroxides called dense product layer (DPL) and
a mixed zone called the transformed medium (TM), in which
iron is heterogeneously distributed within the binder®. Par-
ticularly in the case of cementitious or hydraulic binders, the
TM presents a multiscale porosity network partially filled with
the corrosion products. Radial cracks spreading out from the
metallic core may also be found, sometimes filled with corro-
sion products as well.

While the TM is well characterized, little is known on its for-
mation process, i.e. how corrosion products built up within
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the binder. Understanding this process would help to predict
the long-term corrosion of iron embedded in mortars. This in
turn would help to estimate which monuments are sensitive to
corrosion and need to be particularly controlled.

In this paper, we tackle this issue by investigating the rela-
tionship between porosity and corrosion products within the
binder. For that purpose, corroded bars from the north tower
of Orléans cathedral dated from the XVIITt" century, were
chemically characterized and investigated by laboratory and
synchrotron micro X-ray tomography®'?. By means of ad-
equate image processing and quantitative analysis tools, we
characterize the shape and spatial distribution of porosity and
iron within the TM, as well as their complex, dynamical re-
lationships. Based on these results, we discuss a general sce-
nario that describes the formation of corrosion products for
iron materials embedded in mortars.

2 Materials and methods

Sample preparation

Iron corroded rebars from the north tower of Orléans cathe-
dral were investigated. The bars are embedded in limestone
and sealed by a white binder. Samples were extracted from the
bars so that the entire corrosion system (metallic core + DPL
+ TM) could be investigated. The characterization of the cor-
rosion system was carried out on cross sections for the chemi-
cal analyses and on matchsticks of 2x2 mm? sections realized
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Fig. 1 Sample preparation for iron rebars from the Cathedral of Orléans (France). Chemical analysis was performed on cross sections and
X-ray tomography on matchsticks. Yellow regions indicate regions of studies.

at the interface between DPL and TM for X-ray-tomography
(Figure 1). Cross sections and matchsticks were prepared as
follows: The sample was first embedded in epoxy resin at
room temperature in order to consolidate it and prevent loss
from the brittle corroded regions. The cross sections were
then cut and prepared according to metallographic standard:
The surface was grinded with SiC papers from grad 80 to 4000
and then polished with diamond paste down to 1 gm. Ethanol
was used as a lubricant during this preparation, in order to
avoid any phase dissolution. Further matchstick samples were
prepared from the cross sections. For that purpose, the latter
were again embedded in epoxy resin and a slice of 2 mm was
cut with a precision saw equipped with a diamond wheel. The
2 mm-slice was once more embedded in epoxy resin before
being cut on its edge to obtain a 2x2 mm? matchstick.

The characterization of the morphology, composition and
crystalline structure of the corrosion products was performed
thanks to optical and scanning electron microscopes (OM
and SEM at 15kV), energy dispersive spectroscopy (EDS,
Si(L1) detector equipped with a Be window) and Raman spec-
troscopy (at 532 nm). These microbeam techniques delivered
complementary information on the various part of the system.
The analytical protocol has been extensively described in®.

Laboratory X-ray microtomography

Microtomography analyses were first performed using a
laboratory-based computed tomography (CT) device Nan-
otom 180NF (GE Phoenix—X-ray, Wunstorf, Germany). This
unit has a 180kV nanofocus X-ray tube emitting a conical
beam and a digital detector array (2304 x 1152 pixels Hama-
matsu detector). In order to obtain high penetrating X-rays, a
target made of tungsten was selected and an operating voltage
of 160 kV with a filament current of 23 pA was applied. The

matchsticks were mounted and waxed on a carbon fiber rod, so
that their axial direction (z, hereafter) was parallel to the axis
of rotation. They were then placed in the acquisition chamber
and rotated of 360 degrees during acquisition. The distance
between the X-ray source and the sample and between the X-
ray source and the detector was 47 mm and 500 mm respec-
tively, giving a voxel size of 4 um. The 720 projection images
(angular increment of 0.5°) were acquired during sample rota-
tion (acquisition time: 33 minutes). The resulting projections
were converted into a 3D image stack using the Phoenix 3D
reconstruction software based on the filtered back projection
Feldkamp algorithm !

Synchrotron X-ray microtomography

The synchrotron microtomographic images were collected at
the ID19 beamline of the European Synchrotron Radiation Fa-
cility (ESRF, Grenoble, France). A pink beam with a maxi-
mum intensity centered around 65 keV was used. The match-
sticks were imaged with phase-contrast and a 0.7 um voxel
size. A local tomography protocol was used to obtain this high
resolution without further cutting the brittle matchsticks. Suc-
cessive rotations of the sample, 3000 projections, correspond-
ing to 3000 angular positions ranging between 0 and 180, were
acquired by a 2048 x 2048 pixels FReLoN CCD camera (ac-
quisition time: 7 minutes). The samples were mounted on a
vertical rotator on a goniometric cradle. An efficient filtered
back-projection algorithm adapted for local tomography ap-
plications (PyHST software, ESRF) was used for the recon-

struction '2.
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Fig. 2 Chemical characterization of iron corrosion products and binder by means of SEM-EDS and Raman spectroscopy.

3 Results

3.1 Chemical characterization of samples

As observed on the SEM image of Figure 2, the DPL has a
thickness comprised between 800 um and 1.1 mm. Raman
spectroscopy indicates that the corrosion products are mainly
goethite, with light marblings composed of magnetite and
maghemite. SEM-EDS analysis shows that the binder is
constituted of millimetric grains (binder grains) composed
mainly of Si, K and Al, and identified principally as quartz.
Those grains are included in a Ca-rich matrix (binder matrix).
A porosity network is observed in dark on the SEM image. Fe
is present in the DPL but also around the grains in the TM. In
the Fe-rich zones of the TM, we observe a significantly lower
Ca concentration. These observations are similar to those
given by the literature ®8.

3.2 Segmentation of laboratory CT images

The distribution of the corrosion products precipitated in the
TM and their connectivity to the porosity network of the
binder were further investigated by X-ray tomography. Be-
cause the sample is inherently heterogeneous, it was first vi-
sualized by laboratory X-ray tomography with a large field of
view (4.5 x 4.5 mm) and medium resolution (voxel size 4 ym),

in order to get the largest and most representative overview of
the TM (Figure 3).

According to the X-ray attenuation coefficients of the main
elements present in the sample, and in relationships with the
chemical analysis previously performed, we could identify
three sets of greyscale values that were used as a basis for
further segmentation: ron: high grey levels corresponding to
the iron corroded phases and iron-rich phases naturally present
in the cement; Binder: medium grey levels corresponding to
the binder grains and Ca-rich binder matrix; and Porosity: low
grey levels including porosity and embedding resin. These
three sets are distributed within the three regions that charac-
terize this type of corroded materials: (1) the DPL region com-
posed of corroded iron phases, (2) the TM region, where pre-
cipitated iron corrosion phases coexist within the binder and
(3) the cementicious binder mainly composed of binder quartz
grains, binder matrix, porosity and a few but well-identified
iron-containing minerals.

The raw CT image are not directly suitable for a segmen-
tation into the three sets Iron, Binder and Porosity. Measure-
ment artefacts such as beam hardening effect, intensity rings
caused by temporary and spurious bad pixels in the detector,
and noise, must be filtered out before segmentation. We chose
to apply the inverse scale space filter (ISS) based on the ROF
model (Rudin-Osher-Fatemi) 1>, because it was efficient at
removing noise while keeping the edges well-defined (Fig-
ure 4). After filtering, we segmented the images with an in-
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Fig. 3 Cross-section along the main direction (z) of the sample
showing the distribution of the iron corrosion products and porosity
within the Dense Product Layer (DPL), Transformed Medium (TM)
and binder. The TM is defined as the region containing precipitated
corrosion products within the binder.

house algorithm adapted from Otsu’s method '°. In the origi-
nal method developed by Otsu, the segmentation between two
sets is done by calculating a grayscale threshold that divides
the grayscale distribution of the entire sample into two classes.
Voxels are then attributed to the segmented set according to
the class to which belong their grayscale value. The threshold
is determined by maximizing the variance between the classes
and minimizing the variance within the classes. When more
than two sets must be segmented, the classes determined pre-
viously are further divided into sub-classes by the same thresh-
olding procedure.

In our case, we could not apply directly Otsu’s method on
the entire sample, because of measurement artefacts leading
to an overall shift of the grayscale values, from the center to
the edge of the sample. This intensity inhomogeneity is likely
due to beam hardening and it cannot be easily overcome dur-
ing reconstruction or by filtering. It is also non-linear, so that
it could not be removed artificially by, for instance, applying a
correction function to the grayscale values according to their
position in the sample. To circumvent this issue, we modi-

fied Otsu’s method to apply it not to the entire sample, but
locally. The exact procedure will be detailed somewhere else.
In short, it consists in sectioning the sample into 6006 sepa-
rate regions. For each region, a list of thresholds is estimated
based on the local grayscale histogram. For each voxel, the
list of thresholds is based on a linear combination of the re-
gion’s thresholds weighted by the distance of the voxel to the
center of the regions. This ensures continuity in the segmen-
tation, even between regions. With this procedure, we could
obtain correctly segmented images, despite the intensity inho-
mogeneity. The Iron and Porosity sets were well segmented,
including in regions difficult to grasp computationally (see for
instance the bottom left of the segmented image in Figure 4).

Number of Voxels

Raw
Filtered
} } e } t
0 10000 20000 30000 40000 50000 60000

Grayscale values

Fig. 4 Filtering-segmentation procedure applied to raw laboratory
CT images before analysis (here, Xy cross-section represented). For
the segmented image, the set Porosity is colored in blue, Iron in red,
and Binder is left in grayscale for clarity. Below: Distribution of
grayscale values in the entire sample, before and after filtering. The
range of local grayscale thresholds used for the segmentation of the
three sets are [13424—-18264] and [33152-41328] for
Porosity—Binder and Binder—Iron, respectively.

3.3 Characterization of Iron and Porosity networks in
laboratory CT images

The simplest characterization of the segmented sets consists
in a visualization of their size, shape, and location within the
sample (Figure 5). They are sequentially located along the z
direction of the sample. At the top, Iron is composed of cor-
rosion products corresponding to the DPL (Zone 1). Close to
the DPL, Iron further spreads into the TM like an iron mold
covering part of the grains of the binder (Zone 2). In this zone,
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Fig. 5 Visualization of Iron and Porosity along the z direction and
within (xy) sections. Porosity is colored in blue, Iron in red, Binder
in black. The graph on the left representation the relative
distribution of the three segmented sets along the z direction.

the binder grains look more spread apart from each other and
rounder than in the rest of the sample. More deeply into the
TM (Zone 3), Iron evolves around the grains of the binders,
with a shape following that of the porosity. Note for instance
the continuity between the /ron and Porosity networks around
the large binder grain in the middle of the z cross-section.
In this zone too, Iron is dispersed into tiny clusters, such as
those on the left side of z cross-section. With the help of Fig-
ure 4, we can label those tiny clusters as iron-bearing miner-
als present in the original binder (and not as iron corrosion
products). Finally, the bottom of the sample contains the raw
binder phase, free from corrosion products, defined by grains
packed together and porosity in between (Zone 4).

Connectivity of the segmented sets Iron and Porosity were
analyzed by separating further the sets into clusters. Clusters
contain voxels that belong to the same set and that are con-
nected with each others by sharing common faces. We used
for that purpose the Hoshen-Kopelman algorithm!’, that effi-
ciently computes large data sample sets such as ours (~2.6 10°
voxels) (Table 1).

Both Iron and Porosity are composed of a very large cluster
accounting for 97.8% and 96% of the total volume, respec-
tively. Those mega-clusters are percolating, that is they are
connected to each other and cross the sample from end to end.
Thus, a water molecule coming from the outside of the sample
could wander through the main cluster of porosity and even-
tually come into contact with the Iron set and the corroded
products composing it.

Beyond a visual evaluation of the segmented sets and with
the aim of quantifying their shape, we employed topological

Iron Porosity
Mega-clusters 1 1
(% total phase) (97.8) (96.0)
Kilo-clusters 113 156
(% total phase) (1.9) 3.3)
Small clusters 2579 4628
(% total phase) 0.4) 0.7

Table 1 Frequency of clusters ranged according to their size S.
mega-clusters: S > 10° voxels; kilo-clusters: 10® < S < 105;
small clusters: S < 10°.

tools and calculated the Betti numbers of Iron’s and Porosity’s
mega-clusters. In algebra, Betti numbers are used to charac-
terize and distinguish topological surfaces. Roughly speaking,
the Betti number j3,, is a measure of the number of holes in n-
dimensions. (31 refers to the number of one-dimensional (1D)
holes, while 35 account for two-dimensional holes, which
could be translated by “closed cavities” in plain English. For
instance, a tennis ball is an object with §; = 0 and 53 = 1,
because it has a spherical cavity within it, non accessible from
the outside. To the contrary, a wedding ring is an object with
B1 = 1 as it has a hole to wear it at the finger, but 5, = 0
because no closed cavity can be found. As shown in Table 2,
Betti numbers differ significantly between Iron’s and Poros-
ity’s main clusters: Iron features both 1D holes (1686) and
closed cavities (1291), in contrast to Porosity that predomi-
nantly has 1D holes (3274). Comparatively, Porosity contains
more holes of any dimension than Iron (compare normalized
values 78+6 with 26+20). In other words, the Iron’s mega-
cluster is bubbly and less jagged than the Porosity’s mega-
cluster.

Holes (31) Cavities (2)
Iron 1686 1291
(norm.) (26) (20)
Porosity 3274 265
(norm.) (78) (6)

Table 2 Betti numbers calculated for /ron’s and Porosity’s
mega-clusters. To compare, numbers have been normalized by the
cluster size (x 10° voxels). Images show holes (H) found in the
Porosity mega-cluster and cavities (C) found in the Iron
mega-cluster.
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Fig. 6 Presence of iron corroded products within interstices of a
binder grain visible on synchrotron CT images. Left: 2D
cross-section; Right: 3D visualization of the iron corrosion products
(white) isolated from the rest of the sample. The 2D and 3D views
are of the same region of the sample (red arrow used as guideline).

3.4 Microscale visualization of iron corrosion products
interfaces with binder and porosity on synchrotron
CT images

While CT images with medium resolution but large field of
view are necessary to get a representative picture of the distri-
bution and shape of the phases within the samples, it is just as
necessary to work on CT images with higher resolution, in or-
der to investigate in more details specificities of the corrosion
products and their interface with binder and porosity. A re-
gion of the TM (corresponding to Zone 2 in Figure 5) was thus
visualized on a second sample by phase-contrast synchrotron
X-ray tomography, resulting in CT images with 0.7um voxel
size.

The corrosion products exhibit a variety of shapes and crys-
talline states. For instance, they are found in the form of nee-
dles within interstices of binder grains (Figure 6).

When in contact with porosity, the corrosion products have
a more regular pattern, and their crystallinity evolves with
their location in the corrosion layer (Figure 7).

Deep into the TM, the iron corrosion products are highly
porous (1) and present a smooth interface with porosity.
Closer to the DPL, the interface between iron corrosion prod-
ucts and porosity presents more distinct crenels, and slight
variation of the grayscale suggest a variable local density of
the phases (2 and 3). Note the presence of margins consti-
tuted of successive strata at the interface between the corrosion
products and the porosity on images 2, 3 and 4. They could be
due to a change in the local chemical conditions (Eh, pH, iron
concentration...) inducing either a local change of the type
of phase precipitated, or a variation for the same phase of its
crystallinity or density among different strata. Even closer to
the DPL, we observe a more differentiated interface between
iron corrosion phases and porosity, with distinct layers (4) and
well-crystallized iron corrosion products with whisker-shape
(4 and 5). Finally, close to the DPL, those whiskers are pre-

100pm

Fig. 7 Synchrotron CT images showing the gradual degree of
crystallization (whiskers) of the iron corrosion products at the
vicinity of porosity. Top: xz cross-section showing DPL at the top
and the TM at the bottom of the sample. Bottom: xy cross-sections
showing iron corrosion products at the vicinity of closed pores in
several regions of the sample (indicated as 1-6 on the top image).
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dominant and may fill entire areas (6). The evolution pre-
sented here was found in other places of the sample and can be
summarized as follows: the closer to the DPL, the higher crys-
talline with well-defined crystals, principally whiskers. The
deeper in the binding medium, the less crystalline and the
more microporous are the iron corrosion products.

4 Discussion

Metallic objects embedded within a mortar undergo a corro-
sion process in an unsaturated medium. Corrosive elements
from the outside (such as oxygen) are transported at the begin-
ning of the corrosion period at the metallic surface through the
porous network of the binder. The corrosion starts when the
carbonatation process induces a decrease of the local pH near
the metallic element after the transformation of the binder 8.
Ferrous ions form, migrate and precipitate as corrosion prod-
ucts, following the local chemical conditions. Our obser-
vations suggest that this precipitation principally takes place
within the sub-milliporosity naturally present around the grain
binders, but extends also beyond, within regions initially oc-
cupied by the binder.

The iron corrosion products and the porosity share a similar
overall appearance (they are both tortuous, highly connected
and naturally surrounding the binder grains) and a clear con-
tinuity exists between their networks (Figure 5, Zone 3). Be-
sides, closed porosity cavities surrounded by corrosion prod-
ucts are present at the vicinity of the DPL. All these facts sup-
port a scenario presenting the sub-milliporosity of the binder
as the primary region where iron precipitation occurs: the dis-
solved iron migrates within the porosity network of the binder,
precipitates at the surface of the binder grains and thus grad-
ually fills the binder’s porosity. Hardly reachable parts of this
porosity are eventually cut from the rest of the porosity by the
precipitated iron corrosion products, and remains in the sam-
ple as non-accessible voids.

Beyond the sub-milliporosity of the binder, there are other
regions where precipitation of iron corrosion products occurs,
such as micro-cracks and interstices within the binder grains
(Figure 6). It is not clear whether these cracks were present
originally or they were created by the mechanical pressure
resulting from the precipitation process. This last option is
not to rule out, as corrosion products have a low-density (e.g.
goethite = 4.2 g.cm ™3 compared to iron = 7.8 g.cm™3) and
thus require a significant volume to precipitate.

Another region which could be also involved in the precip-
itation of iron corrosion products is the Ca-rich binder ma-
trix, nanoporous by essence. Indeed, it is puzzling to see that
zone 2 is composed principally of iron corrosion products,
closed cavities of porosity and a binder uniquely composed
of binder grains (Figure 7). No light grayscale zones associ-
ated to Ca-rich binder by comparison with the EDS images
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Fig. 8 Mean greyscale values (red curve) and 60% confidence
margins (black dashed curves) for the iron phase in zone 1 of the
DPL and zones 2 and 3 of the TM. The distribution of Iron (red),
Binder (grey) and Porosity (blue) is also visualized. Inset: CT image
showing diffuse boundaries between iron-rich zones and binder
matrix. This is likely to be the result of partial volume effects.

could be clearly identified on the CT images in this region.
Could this absence due to the precipitation of iron within the
nanoporous binder matrix? On the CT images, this would re-
sult in partial volume effects, with voxels composed of a mix-
ture of nanoporous precipitated iron corrosion products and
binder matrix. These voxels would still be segmented as being
Iron, hence leading to the composition of zone 2 we observe
(with Iron and Binder grains only). However, the grayscale
values of these mixed voxels should be slightly lower than
voxels containing plain corrosion phases because of the low-
attenuation coefficient of the calcium. We thus computed the
average greyscale values of the voxels segmented as Iron in
function of their location within the sample (Figure 8).

Results clearly indicate that Iron voxels in zone 2 have the
same greyscale values than [ron voxels in the DPL (zone 1).
Therefore, the fact that no Ca-rich binder matrix is observed
in zone 2 cannot be explained by a mixture between iron cor-
rosion products and binder matrix. Rather, it is more probable
that no or much less cement (i.e. binder matrix) was present
initially at the interface between the rebar and the binder.

The situation is different in zone 3, where the mean
greyscale value of Iron voxels slowly decreases. This indi-
cates partial volume effects that could be the result of voxels
composed of iron corrosion products either mixed with Ca-
rich binder matrix or with porosity. Actually, both types of
mixed voxels are found. The presence of voxels containing
both Fe and Ca can be inferred from the visualization of the

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [veol], 1-9 |7



P OO~NOUILAWNPE

Journal of Analytical Atomic Spectrometry

phases in the CT images (see image in Figure 8) and is also
confirmed by chemical mapping: While iron-rich zones and
Ca-rich zones are principally distinct, there are some regions
where the two elements overlap (see upper left corner of Ca
and Fe mapping in Figure 2). The presence of voxels contain-
ing both Fe and porosity agrees with both lab and synchrotron
CT images, where highly micro- and nanoporous iron corro-
sion products could be found in the TM (Figure 7.1-2, respec-
tively). While some of this porosity can be correctly handled,
part of it which is nanoscale is segmented as Iron.

Therefore, while the major part of iron corrosion products
precipitates within the sub-milliporosity of the binder, it also
makes use of more indirect micro- and nano-routes, such as
micro-interstices within grain binders and nanoporosity of the
binder matrix. The multiscale porosity of the binder surround-
ing the metallic object is thus determinant in the corrosion
process. When the amount of porosity is insufficient or it
is hardly accessible, this flexible reservoir of free-space for
corrosion products is lacking and stress-induced macro cracks
might occur. The tortuosity of the binder’s macroporous net-
work and its related transport efficiency are also factors that
influence the final shape, amount and distribution of the cor-
rosion products. If the dissolved iron does not sufficiently mi-
grate, the precipitation of the corrosion products leads to vol-
ume increase in a restrained region of the sample. Mechanical
stresses develop, eventually leading to the formation of cracks
and fissures. To be further understood, these mechanisms re-
quire visualization and chemical investigation of the samples
at the nanoscale coupled with statistical interpretation of the
results.

Besides, iron corrosion products are themselves porous
at multiple scales and their shape and level of crystallinity
change with their location in the sample. This is particularly
visible on synchrotron data, with well-crystallized iron closer
to the DPL compared to the porous iron corrosion products
observed in the TM (Figure 7). This shows that the corrosion
products reorganize themselves in the TM after the first pre-
cipitation step, to become thermodynamically more stable, i.e.
more crystalline phases. Thus, our observation suggests that
the clogging of the porosity in the binder takes place in two
steps. The first one consists in the precipitation of iron corro-
sion products when the solution filling the pores becomes sur-
saturated in iron. In a second step, when new closed pores are
formed by local clogging, new well crystallized phases starts
to precipitate on the pore surfaces.

5 Conclusion

The procedure combining multiscale X-ray tomography, im-
age processing and chemical data was found particularly pow-
erful to investigate the corrosion process and its relationship
to porosity. In particular, the dual use of lab tomography

data with medium resolution to catch a large portion of the
sample and get an overview of the relationship between the
phases, and synchrotron data to dive into the detailed analysis
of the phases was particularly fruitful to highlight the multiple
roles of the porosity in this type of samples: sub-milliporosity,
micro- and nanoporosity of the binder allow corrosion prod-
ucts to precipitate and dampens mechanical stress that could
be induced during iron precipitation. The corrosion products
are themselves highly porous and undergo recrystallization at
the vicinity of left-over porous cavities.

Therefore, the role of the porosity evolves not only with
the dimension scale (from binder’s nanoporosity to macro-
cracks), but also with time: submilli- micro- and nanoporosity
disappears by being filled with corrosion products; new poros-
ity shows up within the precipitated corrosion phases; porosity
transforms during recrystallization of the corrosion products;
porosity emerges when too high mechanical pressure induces
cracks and fractures. Along with this ever evolving porosity,
percolation properties and transport phenomena mature with
the sample.

Porosity, transport properties and corrosion processes are
thus intrinsically linked. This paper is a first attempt to
demonstrate that the study of their relationships is not only
relevant but necessary to better understand and predict long-
term corrosion processes.
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Laboratory and synchrotron X-ray tomography highlights the role of multiscale
porosity on the corrosion process of iron rebars from the Cathedral of
Orléans.
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