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Historic monuments have been partly built since the Antiquity with iron or steel reinforcement 

sealed in mortars or hydraulic binders. But the presence of chloride in the environment can 

weaken the structures due to the corrosion of these metallic parts, leading to the cracking of the 

binder. In this context, in order to better understand the first steps of these corrosion mechanisms 

a chemical cell has been designed to operate in-situ analyses of the phases precipitated when a 

chlorinated solution is introduced at the vicinity of the bar. For that chemical and structural 

characterisation (micro-XRF and micro-XRD respectively) has been performed under 

synchrotron radiation on Soleil-DiffAbs beamline. Moreover complementary SEM-EDS analyses 

have been carried out before and after the in-situ cell experiment in order to determine the final 

localisation inside the crack network of the corrosion products. The results show first that iron 

can spread up to 1 mm of the metallic bar inside the pores of the binder after 44h of corrosion. 

Moreover, in accordance with laboratory experiments conducted in solution in presence of Fe2+ 

and Cl- ions the reaction pathways conduct to the successive formation of an intermediate Fe(II)-

Fe(III) chlorinated green rust which transforms in ferric oxyhydroxydes such as akaganeite or 

goethite depending on the local concentration of iron. 

Introduction 

 

Since several centuries, historic monuments have been 

reinforced by the use of iron or steel bars embedded in binders 

such as lead, plasters, mortar or concrete. In fact the earliest use 

of metal to reinforce monuments date from Antiquity. Since, 

construction techniques have evolved but metal has never 

ceased to be employed in the building 1, 2. During last centuries, 

many historic monuments have been reinforced by the use of 

iron or steel bars embedded in mortar or concrete made with 

hydraulic binders. This is the case for example at the Popes 

Palace of Avignon (14th c.) 3 where tons of metals where 

employed or at façade of the Saint-Gervais Saint-Protais (17th 

c.) church in Paris. A more recent use of metal in the historical 

building can be found in the monuments of the beginning of the 

20th c. made of reinforced concrete 4. However, architects and 

conservators draw up an alarming report concerning built 

heritage preservation. In particular, damages due to corrosion of 

iron reinforcement in these binders are critical. The degradation 

of the monument is visible toward the cracking and spalling of 

binder 5-7 

In order to overcome such problems, the conservation approach 

consists in three main lines of action: first the identification of 

the conservation state, then the prediction of the iron corrosion 

and last the development of adapted conservation strategies8.  

The corrosion processes of reinforced concrete and hydraulic 

binders are explained by a variation of the chemical conditions. 

The initial alkaline conditions within binders allow the 

formation of a passive and protective layer on iron avoiding 

further corrosion. However a decrease of the solution pH during 

binder carbonation 9, and/or the progression of aggressive 

chemical species such as chloride ions towards the 

reinforcement 10, can lead to the destabilization of the passive 

layer and let corrosion occur. Corrosion processes imply the 

formation of corrosion products which can generate crack and 

binder spalling caused by high tensile stresses generated in the 

medium 11, 12. 

In particular laboratory experiments on steel bars corroded in a 

chlorinated concrete under various conditions have shown that 

the corrosion layers observed were mainly composed of non-

chlorinated phases, magnetite (Fe3O4) and goethite (-FeOOH). 

However Cl-containing phases like the ferrous hydroxychloride 

-Fe2(OH)3Cl was observed only deep in the needle-like pits 13. 

Although it is well known that chloride ions participate in the 

steel depassivation leading to pit formation, their role in the 

advanced stages of iron corrosion in binders is not well 

understood 14. Especially it was supposed that transient phases 

of lower density form, causing an increase of the binder 

cracking phenomenon 15. 

The aim of the present study is to better understand the first 

steps of corrosion processes occurring on steel reinforcement in 
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mortar exposed to chlorinated environments in order (i) to 

determine the location of the corrosion processes (ii) to identify 

the transient corrosion products and their evolution with time: 

the role of intermediate iron corrosion products, particularly 

chlorine-containing ones has to be revealed and (iii) to 

highlight the physico-chemical conditions allowing the ferrous 

species transport within the binder porous system. Previous in-

situ studies have highlighted thanks to X-ray fluorescence that 

diffusion of elemental iron among other elements can be 

followed on several hours16, 17. In the present study a 

combination of X-ray fluorescence and diffraction was 

designed in order to collect both composition and chemical 

structure of the phases formed in-situ at a micrometric scale. In 

this way, a dedicated cell replicating a steel bar inside a 

Portland cement mortar has been achieved to perform in situ 

structural and elementary analysis during the corrosion process. 

The analytical approach proposed here is based on the use of 

complementary micro-beam techniques delivering data on the 

local chemical composition and crystalline structure: Scanning 

Electron Microscope and Energy Dispersive Spectroscopy 

(SEM-EDS), X-Ray Diffraction and X-Ray Fluorescence 

spectroscopy  using a micro-beam (labelled micro-XRD and 

micro-XRF respectively), the latter conducted on both 

laboratory set-up and under synchrotron radiation in order to 

adjust the time and scale resolution during in-situ experiments. 

In addition global observations were consigned concerning the 

diffusion of water and the variation of the pH in order to 

understand the processes occurring during the experiment. 

 

Methodology and methods 

Experimental cells 

Cells composed of mortar and steel bare bars have been 

studied. Mortar has been chosen because of its similarity to 

materials employed in ancient building 18. Mortar has been 

prepared with a water/cement ratio of 0.5 and sand/cement ratio 

of 3 using a CEMI 52.5 N CP2 cement type. The cells were 

designed following the protocol presented below (Figure 1). 

First the steel bar (Φ=1 cm, H=12 cm) is maintained vertically 

at the center of a cylindrical plastic mold (Φ=3 cm, H=12 cm). 

Along the bar, a multifilament glass yarn (Φ=2 mm, H=12 cm) 

is fastened. Mortar is cast in the mold and the whole dried 

during 28 days at ambient conditions. After that the plastic 

mold is removed, the obtained cylinder embedded in epoxy 

resin before sections of 1 centimeter thickness are cut with a 

diamond wheel saw to prepare the cells in cross section mode.  

 

Figure 1: schematic diagram of the in-situ cell, left, 

perspective view, right, transverse view 

 

Each cross section was prepared as follows: it is first ground 

with SiC papers and then polish with a 3 µm diamond paste 

under ethanol. On the front of the cells an adhesive polymer 

film is applied in order to avoid the air penetration through the 

observation side, but without obstruction for micro-XRD and 

micro-XRF analyses. For the experiment the cells were wetted 

by capillarity through the glass filament trapped in the binder at 

the vicinity of the steel bar, ensuring a penetration of the 

chlorinated solution at the binder / iron interface.  

A solution of NaCl at 0.5 M concentration was used in order to 

simulate seashore environment. The solution was injected in the 

cell thanks to a syringe whose needle was inserted in the 

multifilament glass yarn at the cells’ back until the absorption 

front appearing in the front of the cell was stabilised.  

Analytical methodology was conducted as explained in the 

following. First at a macroscopic scale a mapping was realized 

on the front of the cell thanks to SEM-EDS analyses to 

determine the composition of the major and minor elements 

around the steel bar. Then the cells were wetted as described 

above and the penetration of the solution was assessed by 

macrophotography. In addition the pH change was evaluated 

thanks to pH papers disposed on the front of the cell. The 

strong capillary absorption of the chlorinate solution by the 

mutifilament yarn close to the steel bar allows transport of 

enough chlorinated solution to wet all the interface between 

mortar and steel bar as shown by visual monitoring of the 

progression of capillary absorption and create in this way 

favorable conditions for iron corrosion. The cells were then put 

on the analytical in-situ set-up to carry out in situ elementary 

and structural monitoring thanks to the combination of micro-

XRD and micro-XRF. The Table 1 summarises the in situ 

analyses of the three cells presented in this paper. The detailed 

protocol is described hereafter. The Table 1 summarises the 

conditions of preparation and analyses of the three cells 

presented here. 

 

Table 1 : Conditions and duration of in-situ acquisitions 

Cell in-Situ Analyses  Duration 

of the in situ 

measurements 

C09-C04 micro-XRD + 

micro-XRF 

on laboratory set-

up 

24h 

C07-C01 micro-XRD + 

micro-XRF 

on laboratory set-

up 

105h 

C02-E03 micro-XRD + 

micro-XRF, under 

synchrotron 

radiation 

65h 

 

After the cells were dried in air, SEM-EDS analyses were 

carried out to determine the precipitation zones of iron phases 

in the porosities of the mortar / steel interface. 

The morphology was observed using optical microscope and 

SEM (acceleration voltage 15 kV), and compositions were 

determined by EDS. EDS detection was carried out with a 

Silicon drift detector allowing to quantify oxygen with an error 

of 2% and other elements under 0.5 wt.% with 1% of error.   
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in situ characterization protocol 

 

micro-XRD and micro-XRF were performed on two 

complementary set-ups. The first one is a laboratory rotating 

anode that allowed testing the cell design and performing 

experiments of more than 100 hours. An XRD measurement 

lasts at least one hour and a half with such disposal. 

Consequently to determine the first step phases formed during 

the corrosion process, a shorter acquisition time is needed. 

That’s why a second set-up for in situ monitoring of the 

corrosion layer's structural evolution has been achieved on 

DiffAbs beamline 19 at Synchrotron SOLEIL. The advantage of 

such analyses is to acquire XRD and XRF maps in order to 

locate the phases formed during the corrosion process and show 

their local heterogeneity. 

 

Setup on Rotating anode X-ray generator 

For micro-XRD measurements, a Mo anticathode of a rotating 

anode X-ray generator delivered a monochromatic beam at 

17.48 keV focused to a 50 µm × 30 µm surface (flux of about 

106 ph.s-1) using a Xenocs® FOX2D Mo 25_25P diffraction 

optic (Figure 2). This optic is a curved mirror with graded 

multilayer coatings that monochromatizes the incident beam 

from a single reflection. The cells were placed at an angle of 3° 

from the incident beam in order to work in reflection mode, and 

the spot size at the sample surface was about 1000 µm 

(horizontal finger print due to incident angle) x 30 µm. 

Diffraction patterns were collected during about 1h30 using a 

two-dimensional detector (image plate). Data processing was 

carried out with the EVA software and the ICDD-JCPDS 

database. XRF was acquired thanks to a Silicon Drift Detector. 

 
 

Figure 2 : in situ setup monitoring, rotating anode X-ray 

generator; 1. X-ray (Mo, λKα = 0,709 Å), 2. XRF detector, 3. OM, 

4. Image plate, 5. Translation table, 6. Chlorinated solution, 7. 

Cell 

 

DiffAbs beamline at Soleil 

The main optical system of DiffAbs beamline consists of a 

fixed-exit Si(111) double crystal monochromator and provides 

a sagittal focusing (in the horizontal plane) of the 

monochromatic beam at 17 keV. In addition, two long mirrors 

collimate and focus the beam in the vertical plane, allow 

harmonic rejection and improve energy resolution. A secondary 

optical system that consists of two trapezoidal shape flat and 

orthogonally placed curved mirrors under grazing incidence (in 

Kirkpatrick Baez geometry) was used for the present 

experiment to focus the beam down to 10 x 10 µm2 with a flux 

about 1010 – 1011 ph.s-1. The cell has been placed under the 

beam with an incident angle of 5°, implying beam size finger 

print about 150 µm x 10 µm (HxV fwhm) on the sample. 

 

 
Figure 3 : DiffAbs experimental setup, SOLEIL 

synchrotron, 1) experimental cell, 2)  

A SDD 4Elements detector was used to collect micro-XRF 

data. In addition, thanks to rapid acquisition obtained by 

coupling the very great brightness of synchrotron source and 

the temporal performances of the pixel hybrid XPAD detector 
20, micro-XRD distribution maps of corrosion products formed 

during the penetration of the chlorinated solution have been 

established. The methodology to obtain micro-XRD maps can 

be described as following:  

 An Area Of Interest (AOI) is selected thanks to an 

optical microscope and XRF measurements, and 

micro-XRD acquisitions are collected on the AOI 

thanks to the XPAD detector on a defined dimension. 

For the studied cell C02-E03, a first map of 1.1 x 

0.9 mm² and after 32h of treatment a second map on a 

farther1.1 x 1.8 mm² extended zone were acquired 

with a step of 100 x 30 µm² (H x V) and acquisition 

time of 10 s/step on the same region during 65h (=80 

min/map and 44 maps acquired). Each step contains 1 

diffraction image.   

 After a set of geometrical and intensities corrections,  

the diffraction diagrams are obtained from the circular 

integration of 2D XRD images  

 The area evolution of a single diffraction peak per 

phase is monitored to obtain maps of phases’ 

distribution. Peaks selected for each phase are 

reported in Table 2. 

 

Table 2 : Diffraction peak and JCPDS file used for the XRD 

mapping 

Phase JCPDS 

file 

Diffraction 

peak (hkl) 

Akaganeite β-FeOOH 01-080-

1770 

(101) 

Chlorinated green rust [FeII3 

FeIII(OH)8]
+[Cl.nH2O]−  

00-040-

0127 

(006) 

Goethite α-FeOOH  00-029-

0713 

(110) 

 

Results 

cell 

optical focusing 
system in KB geometry 

optical 
microscope 

SDD 

hybrid pixel area 
detector XPAD 
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The penetration of the solution was assessed thanks to 

macrophotography. This monitoring of the capillary penetration 

of the chlorinated solution (Figure 4) shows a propagation from 

the inert multifilament yarn to the binder all around the steel / 

mortar interface. For the three studied cells the stabilization of 

the propagation front, i.e. when no macroscopic evolution of 

the migration front is observed when a drop of solution is 

added, is comprised between 1 and 4 hours. These different 

values are due to the variable mortar porosity between the 

different cells, despite same preparation conditions. The 

macroscopic cracks present in the cell because of the shrinkage 

of the mortar during dry curing seem to facilitate the fast and 

long-distance spreading of the chlorinated solution in the 

mortar.  

The color change of the pH indicator strips placed on the 

surface of the cell indicates a pH around 13 in the zones 

saturated by the solution. These initial alkaline conditions were 

expected since the pore water is in equilibrium with each of the 

solid phases present in the cementitious material. The chemical 

maps collected by SEM-EDS on non-treated cross-sections 

(Figure 6) indicate that initially, except in the metal, iron is not 

detected on the three cells, even at the vicinity of the steel bar. 

From these maps, areas were selected for the monitoring of Fe 

transport by micro-XRF and phase evolution by micro-XRD on 

the laboratory rotating anode setup. Results obtained in the 

three cells are very reproducible. 

 

 

 

 

Figure 4: Cell C02-E03, Monitoring of the capillary 

penetration of a chlorinated solution (0.5M NaCl) 

 

Iron content profiles obtained on the C09-C04 cell at various 

durations of experiment are presented on Figure 5. The profile 

obtained at t=0 shows the initial location of the rebar. The fact 

that the decrease does not form a sharp step is due to the size of 

the beam, enlarged horizontally because of the low incidence 

angle setup. The 600 µm large beam averages the irregularity of 

the metal/binder interface. Consequently the part of the profile 

between 1700 and 1800 µm cannot be considered to study the 

Fe migration in the binder because it is constituted of a mix of 

signal coming from the metal, a thin initial corrosion layer, and 

the binder. For higher distance values, it can be considered that 

the observations are made in the initial binder as showed by the 

increase of the Ca content. At these locations, the profile of Fe 

content obtained at t=0 shows the initial distribution of this 

element in the binder. Fe content is very low (note that the XRF 

detection limit of iron is of 2 order of magnitude lower than 

EDS). After 2 hours the Fe content in the binder begins to 

increase significantly and continuously until the last 

measurement after 21 hours. For each acquisition time, the 

profile decreases from the rebar to the outer part of the binder, 

confirming that the source of the iron is the corrosion of the 

rebar. Nevertheless, despite this trend, the profiles all show 

important irregularities. These local increases of the iron 

content are probably due to larger porosities, and in some case, 

as for t=6h and 21h between 2500 and 2800 µm, they can still 

be filled by corrosion product precipitation. Thus, after 21h, 

iron has migrated more than 1 mm far from the initial 

metal/binder interface. Post mortem analyses performed by 

SEM-EDS (Figure 6) confirm this observation. The migration 

paths of Fe species in the binder seem to follow in priority the 

larger cracks and pores. These cracks and pore appear in black 

before the experiment on Figure 2, at the end of the experiment, 

they are completely filled with iron corrosion products.
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Figure 5 : cell C09-C04, micro-XRF profiles obtained with the laboratory setup 
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Figure 6 : Cell C02-E03, EDS maps (Fe = green, Ca = red, Si = yellow, Cl = blue): a) & b) Respectively  zone 1 & 2 before 

the corrosion ; c) & d) Respectively zone 1 & 2 after the "in-situ"monitoring of the corrosion process showing the presence 

of iron inside the cement paste. The gray array on c) is due to an artefact linked to a thick C deposition before SEM 

observation. 

 

The micro-XRD patterns obtained « in situ » at the distance of 

1950 µm during experiment on the laboratory rotating anode 

setup (Figure 7) show after 7h30 of corrosion, the presence of 

chlorinated green rust and a minority of akaganeite (-FeOOH). 

The chlorinated green rust is a compound rarely observed on 

corrosion products because of its low chemical stability when it 

is exposed to air and has been mainly studied in laboratory21. 

While the green rust is the main product at the beginning of the 

corrosion processes, it seems to progressively disappear in 

favour of akaganeite. It can be noted that a shoulder at 9.7° 

appears and could be due to the presence of goethite (-

FeOOH). After 50 hours the peaks of GR are weaker but still 

present. After 68 hours there is no green rust anymore and 

akaganeite is the main product detected.  
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Figure 7: Cell C07-C01, X-Ray diffraction patterns obtained on the laboratory setup from 7h30 to 68h of corrosion 

 

The micro-XRD diffraction maps, obtained on DiffAbs 

beamline with a much smaller beam than on the laboratory 

setup,  1h after the beginning of the in situ experiment (Figure 

8-1)., confirm that the main phase formed near the iron rebar is 

the chlorinated green rust. At some locations, spots of 

akaganeite appear. After 4 hours (not shown here) the same 

observations are noted, with an increase of the intensities for 

each phases and a spreading of the green rust precipitation zone 

towards the external zone farther from the iron rebar. The same 

phenomenon is observed at 8 hours i.e. akaganeite precipitates 

locally near the bar, green rust zones extends and for both 

phases an increase of the peak intensities attests of a tendency 

to higher amounts. But at the same time some goethite appeared 

at a farer distance of the steel bar. It has to be noted that during 

the experiment, it appears that the akaganeite dominance area 

grows and shifts on the surface of the transverse section of the 

bars probably due to a local peel off of the adhesive film in 

contact with the solution. The same observations can be done 

after 12 and 16 hours of experiment (not shown here). After 20 

hours, green rust starts to disappear whereas akaganeite remains 

present near the metal and goethite at a farther distance of it. 

After 32h of experiment, the green rust has completely 

disappeared from the map and the system is stabilized as shown 

on the 44h maps. The following maps show the presence of 

goethite from 0.6 to 1.6 millimeter from the steel bar. Thus, 

chlorinated green rust, akaganeite and goethite could be 

dominant, simultaneously in different areas, roughly depending 

on the distance from the metal/binder interface.  
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Figure 8 : Cell C02-E03, X-Ray diffraction maps obtained on the DiffAbs beamline at the Synchrotron Soleil : distribution 

of a) chlorinated green rust ; b) akaganeite ; c) goethite ; d) iron ; after 1) 1h, 2) 8h, 3) 20h and 4) 44h of monitoring. 

 

 

Discussion 

The first step of the experiment is characterized by the capillary 

penetration of the chlorinated solution. After saturation of the 

pore network, pH indicators placed on the cell indicates a value 

of 13. In a first approximation it is representative of the pH of 

the pore solution imposed by the buffering effect of the binder. 

Consequently, [OH-] = 0.1 mol.L-1. Moreover, the initial 

concentration of the NaCl solution is 0.5 mol.L-1 and it can be 

considered that it corresponds to the concentration in the 

solution saturating the poral network. Last statement, the 

solution is aerated during all the experiment. 

micro-XRF profiles show that, in the conditions of the 

experiments, the iron corrosion products migrate in the pores of 

the binder before precipitating. After 21h of corrosion, this 

migration process allowed significant quantities of iron to be 

transported at more than 1 mm of the binder/rebar interface. It 

seems nevertheless as shown on micro-XRD maps that this 

migration is hindered by phase precipitation: the 40h maps are 

similar to the 32h ones. To migrate relatively far from the 

metal/binder interface, iron is dissolved in the pore solution 

under the form of complexed Fe2+ ions at basic pH. Refait et al 
22 , 23 and Rémazeilles et al 21 , 24 studied in different papers the 

evolution of solutions containing Fe2+ and Cl- compounds that 

oxidise under aerated conditions. Let us discuss the present 

results considering these former studies.  
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These authors discussed the oxidation mechanisms of the Fe(II) 

containing phases (obtained by mixing NaOH and FeCl2.4H2O) 

in function of two parameters: R = [Fe2+]/[OH-] and R’ = [Cl-

]/[OH-]. The diagram of Figure 9 sums up a part of these results 

corresponding to “low” oxidation rates, i.e. without adding of 

H2O2 and obtained in aerated conditions in a stirred solution. 

First it is interesting to note that despite variations of the 

stirring rate, the time for oxidizing Fe2+ species in aerated 

conditions is in the same order of magnitude than the one 

observed in the present study. For example, in 23 for R’=3, it 

takes about 4 hours to obtain akaganeite from the initial 

solution. This time increases with R’ and can reach sometimes 

10 hours. Here, in the pore network of the binder, despite O2 

can access the solution, it is probable that this access is 

hindered compared to the stirred solution. Thus the oxidation 

duration to obtain the final product is slightly higher and can 

reach several 10 hours. However the evolution paths of the 

phases precipitated in both laboratory or cell conditions are 

very comparable. In the cell experiment it can be supposed in a 

first approximation that in the pores R’=5 (i.e. [OH-]=0.1mol.L-

1 and [Cl-]=0.5 mol.L-1). The evolution path of the phases for 

R’ = 5 shows that the oxidation of Fe2+ should first lead to the 

formation of -Fe2(OH)3Cl and then to the chlorinated green 

rust (FeII
3 FeIII(OH)8]

+[Cl.nH2O]−). The first compound was not 

observed here: after at least 1 hour, the only detected compound 

by micro-XRD is the chlorinated green rust. The fact that the 

first micro-XRD map was acquired 1h after the NaCl 

introduction could explain the absence of the first transient 

phase that has already disappeared.  

In the following stages of the oxidation process proposed in 

Figure 9, the green rust progressively transformed into Fe(III) 

oxihydroxides. For R’ = 5 the product are a mix of 

lepidocrocite (-FeOOH) , goethite (-FeOOH) and akaganeite 

(-FeOOH). Actually Refait et al 22 , 23 indicate that the higher 

R’ is, the less lepidocrocite is observed and the more goethite 

and akaganeite. This is in relatively good agreement with the 

observations made by micro-XRD mapping for the present 

study: after 8h akaganeite and goethite begin to replace green 

rust. After 22h this latter green rust has quasi totally 

disappeared and is totally transformed after 32h in both 

akaganéite and goethite depending on the location towards the 

steel bar. In the cell in-situ, compared to the oxidation 

processes observed in the laboratory by Refait, Rémazeilles and 

co-workers for a R’ =5, no lepidocrocite is observed. This can 

be explained by several factors. The first one is that in the cell 

the dissolved oxygen content could be lower although the 

conditions are aerated and limit the kinetic of formation 

lépidocrocite. Moreover for the relatively high R’ parameter, 

not so far from 6 the nature of the final phases is also 

influenced by the parameter R. During studies presented on 

Figure 9, R was always fixed at R’/2, but other experiments 

performed by Rémazeilles 24 showed that for a given R’, a 

decrease of R (i.e. a decrease of [Fe2+]) favours the 

precipitation of goethite versus akaganeite. This could explain 

at the same time that precipitation of goethite seems to be more 

important farther from the metal/binder interface, where the 

iron concentration is lower, as demonstrated by the XRF 

profile.  
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Figure 9 : Summarized diagram of phase formation during the iron oxidation process in chloride medium. R = R’/2, 

[NaOH] = 0.4 mol.L-1 22 , 23 21 , 24 

 

Thus the following scenario can be proposed to explain the first 

steps of corrosion at the interface of the bar. The introduction of 

the solution near the rebar provokes aqueous corrosion of iron 

i.e. solubilisation of ferrous cations at the interface. Despite the 

aerated conditions, the oxidation kinetics of iron containing 

species is sufficiently low to allow the migration of Fe2+ species 

relatively far from the metal/binder interface during several 10 

hours. Considering the concentration of chloride and former 

results, -Fe2(OH)3Cl could have precipitated. These phases 

could have formed in our experiment during the humidification 

of the cell because we didn’t observe them when the in-situ 

analyses begun. Here, only chlorinated green rust was 

observed, this observation is in good agreement with the R’ 

value. The next step observed in-situ is the progressive 

disappearance of the green rust and the concomitant 

precipitation of akaganeite on the more internal part of the pore 

and goethite at the external one. In our case the absence of 

lepidocrocite could indicate moderated oxygen content in the 

solution in the observed zones because this phase is generally 

identified in more aerated conditions 25. The presence of 

goethite farther from the metal/binder interface is explained by 

the decreasing Fe profile, favouring the precipitation of 

goethite. This precipitation of phases will progressively clog 

the porosities of the pore network, hindering the water 

penetration in the binder. Consequently two different 

consequences are observed here. The first one is linked to the 

presence of low-density chlorinated phases that could provoke 

an important cracking of the binder after precipitation. The 

second one is linked to the fact that iron can migrate relatively 

far from the interface. This will diminish the first effect 

significantly. 

 

Conclusions 

In-situ analyses have been performed on a cell constituted of a 

steel bar in a mortar matrix. The first steps of the steel bar 

corrosion when mortar is saturated by a chlorinated solution 

have been observed thanks to micro-XRF and micro-XRD. 

These first results highlight the presence of an intermediate 

Fe(II)-Fe(III) corrosion product, the chlorinated green rust 

which tends to transform in ferric oxyhydroxydes such as 

akaganeite or goethite. The nature of the precipitated phase 

depends on the local chloride content, the presence of dissolved 

O2 and the migration of Fe2+ in the pore network of the binder. 

The presence of the transient phase could have catastrophic 

consequences on the structure of the binder. Actually its lower 

density could lead to the appearance of new cracks after its 

precipitation. Nevertheless, an interesting result of the in-situ 

measurements is that the oxidation process of Fe2+ species 

generated by the corrosion processes, is relatively slow and 

takes several 10 hours, during which, iron, under the form of 

Fe2+ ions can migrate several millimeters in the pore network 

before any precipitation. This could considerably lower the 

effect of the precipitation of corrosion products at the 

metal/binder interface and decrease the danger of cracking of 

the binder by this precipitation because phases can be 

distributed in a larger volume. 

Further results have to be performed with various conditions, to 

study the effect of different solution concentrations, especially 

in chloride. But these first results are a crucial step to better 

understand the transient process involved in the degradation in 

presence of chlorides of reinforced concrete used for the 

building of historical monuments and more largely for any 

historical building reinforced by iron and steel sealed in 

hydraulic binder. 
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In-situ analyses under synchrotron XRD have highlighted the corrosion processes a rebar embedded 

in concrete in presence of chloride. 
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