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Abstract

Iron was corroded in anoxic cementitious (pH 13.2) media (filtered porewater or cement slurry) at 80°C;
corrosion products were investigated by microscopic techniques. A thin film of magnetite (Fe3O4)
formed during the first immersion days. For longer immersion times (90 days) in cement slurry,
hydroandradite (HA) (Cas(Fe**)2(SiO4)y(OH)4.y)) formed a dense outer layer and an heterogeneous
inner layer. A thin oxide layer is always observed in contact with metal and is believed to correspond to
a protective barrier. Our results suggest that in the conditions of the Belgian Supercontainer for

radioactive waste disposal, a passive layer can form slowing down corrosion.

Keywords : Iron; concrete; Alkaline corrosion; magnetite; hydroandradite; barrier layer
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1 Introduction

The Belgian reference for high-level radioactive waste packaging proposed by the Belgian Agency for
Radioactive Waste and Enriched Fissile Materials (ONDRAF/NIRAS) is called supercontainer [1]. This
concept includes a stainless steel liner, a concrete buffer and a carbon steel overpack containing one or
several waste canisters. The purpose of the concrete buffer is to maintain high alkaline conditions on the
surface of the overpack, thus keeping the steel surface in the so-called “passivation” range of pH. The
supercontainer will be emplaced in the Boom clay, a rock formation saturated with low-chloride (100
ppm) porewater. During the first tens of thousands of years, the overpack will be exposed to the concrete
alkaline porewater in the concrete buffer [2]. After a relative short period of oxygen removal by aerobic
corrosion and microbial activity, the steel interface will experience anoxic conditions [3]. Eventually,
the ingress of chloride from Boom clay to the overpack could not be excluded. The chloride
aggressiveness with respect to the overpack would depend on a corrosion layer previously developed in
an anoxic alkaline environment, and enriched in Si, Ca and Al. Therefore, understanding steel corrosion
in alkaline porewater in contact with cement material, in anoxic media, and at 80°C, is essential to

predict the long-term integrity of the supercontainer.

Corrosion and long-term behavior studies in concrete-based environments were performed either in
synthetic pore solutions [4-8], or in bulk cementitious matrices [9-11]. Experiments of metal iron or
steel corrosion in fresh concrete matrices generally resulted in slow corrosion rates, explained by the
low solubility of Fe oxides in alkaline conditions [12, 13]. However, these experiments were usually
performed in aerated environments to investigate the impact of parameters such as diffusion of gas from
the atmosphere, of chloride after immersion in synthetic seawater, of rainwater, or the impact of cracks.
Corrosion monitoring was performed by electrochemistry [12, 14], weight loss measurements [15, 16],
or by monitoring the pressure increase due to hydrogen evolution under anoxic conditions [17]. A
number of corrosion experiments were also performed in pure solution, in order to investigate the
electrochemical behavior at iron or steel surface. Usually these experiments were performed in a
saturated solution of portlandite (Ca(OH),) [14, 18-20], sometimes with addition of chemical elements

or salts. For example, gypsum (CaSOy) [5, 21] or NaCl [22-26] were added to assess the impact of
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sulfate and chloride, respectively. A third type of experiment was performed in porewater equilibrated
with a prepared cement grout [27]. Such a solution would contain all of the elements in (pseudo)-
equilibrium with respect to cement phases. However, these studies were performed at ambient to
moderate (< 50°C) temperatures, significantly lower than the reference temperature of the repository

thermal peak (about 80°C).

Corrosion of iron, and, by reference, carbon steel, in highly alkaline environments (pH > 13) is expected
to result in the formation of a duplex interface made of two distinct layers. The inner layer grows into
the metal, and the outer layer grows towards the environment by precipitating solution elements [28,
29]. Several models were developed to account for the growth of this duplex interface, such as e.g. the
Point defect model [30, 31], the mixed conduction model [32], or the Diffusion Poisson Coupled Model
(DPCM) [33]. Most of these modelling efforts focused on the formation of an inner film, believed to be
responsible for surface passivation. However, the outer layer is expected to hinder corrosion by limiting
the flux of chloride ions to the metal surface. Thus the duplex interface is expected to play a key role in

the sensitivity of the passive layer to pitting corrosion.

The goal of the present study is to assess iron corrosion in a concrete environment at 80°C under anoxic
conditions representative of a deep geologic repository. Metal samples were corroded in a concrete
synthetic solution, in the presence of cement powder (CEM I) in order to provide a steady source of
dissolved elements (such as Ca, Si) in (pseudo-)equilibrium with cement phases. Two types of samples
were investigated. First, iron powder with a high specific surface area was used to reveal the impact of
cement presence on corrosion by monitoring the rate of hydrogen evolution. Second, rolled or polished
plates of iron were used to identify the corrosion products and place constraints on the corrosion
mechanism. The corrosion interface was characterized by techniques such as micro-Raman (uRaman)
spectroscopy, X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), X-ray photoelectron
spectroscopy (XPS) and Scanning Transmission X-ray Microscopy (STXM). These characterizations
shed light on the nature of the corrosion interface and help pinpoint the passivating properties to specific

features of the corrosion layers.
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2 Materials and methods

2.1 Materials

The filler was made using CEM 1 42,5 cement (Dannes factory). The cement mineralogy (obtained by
Rietveld analysis of a powder X-ray diffractogramm) and composition are given in Table 1. The
composition of the filler was taken from the formulation elaborated by ONDRAF/NIRAS for the
material in contact with the overpack. One liter of cement paste was made with 514.8 g of CEM 1 42,5
cement (Dannes factory), 876.3 g of 2001M filler calcite, and 514.8 g of water. The pore solution is
obtained by pressing (to 450 MPa) samples after 28 days of hydration at 20°C or 80°C using a
mechanical press. The solution is analyzed by Inductively Coupled Plasma Atomic Emission
Spectroscopy (ICP-AES). Table 2 shows the composition of the sampled pore solution. At room
temperature, the sulphur concentration is driven by the ettringite solubility. The relatively high

concentration measured at 80°C is associated to the total dissolution of ettringite.

Table 1: Composition of the CEM | 42,5 cement (Dannes factory).

Chemical composition

Compounds Cao Si0,  AlLOs Fe03 MgO Na20 K,O NaO.eq SOs cr
(Wt %) 64.6 21.3 4.0 5.4 1.0 0.15 0.55 0.51 1.6 0.01

Mineralogical composition @

Phase Content C2s C3S C3A C4AF Anhydrite
(Wt %) 27.5 51.9 0.3 18.3 2.0

# Obtained by Rietveld analysis of a powder X-ray diffractogram.
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Table 2: pH and concentration of dissolved elements in

the pore solution sampled after 28 days of hydration.

20°C 80°C?
pH (measured at 21°C) 13.2
[Allag (mmol/L) <0.04 <0.04
[Slaq (mmol/L) 0.36 18.8
[Si]ag (mmol/L) 0.044 0.05
[Calag (mmol/L) 4.6 3.9
[Na]ag (mmol/L) 60 63
[K]ag (mmol/L) 145 139

Corrosion experiments were performed on iron powders and plates. Iron powder (Goodfellow, diameter
6 um) was used in order to maximize the specific surface area and hydrogen evolution during the
corrosion process. Iron plates were used to investigate the nature of the corrosion interface. They were
of two distinct origins and surface preparations. Armco iron plates (composition in Table 3; [34]) of 2
mm thickness were polished with SiC abrasive papers (Presi, Mecaprex) and absolute ethanol (Fluka).
Diamonds pastes of 3 and 1 um were used for final polishing under ethanol. Rolled plates of pure iron

(Goodfellow) with a thickness of 0.5 mm were ultrasonically degreased in ethanol prior to use.

Table 3. Chemical composition of the pure iron (Armco).

Element C Si Mn S P Cu Fe
Wt.% 0.002 0.009 0.33 0.019 0.005 0.03 Base

2.2 Experimental setup

All solution and sample preparations were performed in an anoxic glove box to avoid oxygen. Specific
setups for plate corrosion were designed to reproduce the anoxic environment and relatively high
temperature (80°C) expected at the overpack surface in the supercontainer system (Figure 1). Iron
exposure to the cementitious environment was performed under either static or stirred conditions (Table
4). For static experiments (no stirring), the system was made by a stainless steel reactor connected to a
pressure sensor with a Swalegok® tube and containing iron powder and plates. Iron plates were
positioned on a polytetrafluoroethylene (PTFE) support structure to avoid any contact between each
plate (Figure 1a). The temperature was fixed by immersing the reactor in a thermostatic water bath
(Figure 1b). For dynamic experiments (stirring), the system contained only iron powder. It was heated

by a heating ring and stirred with a blade (Figure 1c,d). A Teflon jar was added in all experiments to
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avoid any galvanic interactions between iron powder and the stainless steel reactor. The pressure was
measured with a Keller Record digital pressure sensor (measurement range: -1 to 30 bar; automatic

recording). During corrosion, the reaction pots were hermetically sealed and heated at 80°C.

For experiments with iron powder only and cement phases (hereafter identified by GPC for
“Goodfellow® Powder — Cement”), chemical conditions in the concrete buffer were reproduced by
mixing cement material (hydrated CEM I 42.5, Dannes) and alkali solution (63 mmol/L. NaOH, at 139
mmol/L. KOH). The slurry was heated during one week at 80°C, and then iron powder was introduced.
The reactor was hermetically sealed, placed in the thermostatic water bath, and reacted for 42 days
(GPC) at 80°C. For experiments on iron powder in absence of solid CEM I phase (GPWoutC), the slurry
was filtered and iron was introduced in the synthetic porewater solution and corroded for 64 days at
80°C in the water bath. For experiments with iron powder and plates, polished plates were corroded for
4, 10 or 90 days, and rolled plates for 20, 39 and 160 days (Table 4). Hydrogen evolution was monitored
by measuring the increase in total pressure of the reaction vessel. Gas samples were collected at the end
of the experiments, and analyzed by mass spectrometry (MAT 271, Thermo/Finnigan) to confirm the

final amount of evolved H,.

After corrosion, coupons or powders (separated from the cement with an electromagnet) were rinsed
with ethanol, dried and stocked in glove box in N, atmosphere. Table 4 lists all samples analyzed in this

study and the related preparation conditions.
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Figure 1. (a) Support for iron plates in unstirred corrosion experiments. (b) Schematic

illustration of the corrosion setup of static corrosion in anoxic environment.

(c,d) Photography and schematic illustration of the corrosion setup with stirring

capabilities.

Table 4. List of samples investigated in this study

Sample Iron form Preparation Iron mass Cement  Solution Reaction Stirred
name (g) mass (g) volume (mL) time (d)

APP 0 Powder + plate  Polished 1 um / / / 0 /
APP_4 Powder + plate  Polished 1 um 1.2 +28.1 37 140 4 no
APP_10 Powder + plate  Polished 1 um 1.2 +33.7 37 140 10 no
APP_90 Powder + plate  Polished 1 um 1.2 +30.1 37 140 90 no
GLP 0 Powder + plate Rolled / / / 0 /
GLP_20 Powder + plate Rolled 1.2 +28.8 37 140 20 no
GLP_39 Powder + plate Rolled 1.2 +50.6 37 140 39 no
GLP_160 Powder + plate Rolled 1.2+37.7 37 140 160 no
GPC Powder (L1 6 pum) / 18.72 37 305.25 42 yes
GPWoutC Powder (LI 6 um) / 17.2 0 621.14 64 yes
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2.3 Microstructural characterization

The powder samples (GPC, GPWoutC) and corroded plates were characterized by XRD immediately
after being taken out of the glove box to limit oxidation of the corrosion layers. X-Ray Diffraction data
for powders and plates were collected in the Bragg-Bentano geometry using a PANalytical X Pert
diffractometer with an X’Celerator detector (CuK,, A = 1.5405 A). The reciprocal space was scanned

between 5° and 60°26 with a step size of 0.016°26.

Micro-Raman investigations were performed using a Horiba-Jobin Yvon X’Plora spectrometer, with an
excitation wavelength of 532 nm, and microanalyses were performed with a long-range 50x objective
(Olympus), with a lateral resolution of about 5 um. The laser beam was filtered at 10 % of the nominal

power to prevent the potential thermal degradation of sensitive Fe phases [35].

For SEM, the surface of sample plates were analyzed without prior preparation. The samples were
quickly transferred (< 1 min) in the microscope (Zeiss EVO MA 15) and kept under vacuum. An
accelerating voltage of 15 kV was used. The working distance was approximatively 10 mm and the
beam current was fixed at 100 nA. The Energy dispersive X-ray (EDX) spectra were collected with a

Bruker detector associated with ESPRIT software.

Analyses by XPS were carried out with a Thermofisher Escalab 250 XI spectrometer using a
monochromatic Al K, X-Ray source (1486.6 eV) [10]. The samples were introduced in the spectrometer
using a connected N, atmosphere glove box. The spot size diameter for classical analysis was 900 pm.
The spectrometer was calibrated to the silver Fermi level (0 eV) and to the 3ds, core level of metallic
silver (368.3 eV). The following core levels were recorded with a 20 eV pass energy: Fe-2p, Ca-2p, O-
1s, C-1s, Si-2p. Data processing was performed using the commercial Avantage® software
(ThermoFisher Scientific Inc.). The Shirley background subtraction method was used for the fitting

procedure.

Thin sections of corrosion interface were extracted from the corroded plates by Focused Ion Beam (FIB),
using a Nanolab 660 (FEI) equipped with a Ga* ion source and an EDXS Oxford detector for Energy

Dispersive X-ray spectroscopy (EDXS). The plates were first coated with a thin carbon conducing film,
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and then a Pt strip was deposited directly on the corrosion outer surface. The thin film was excavated
and thinned to about 100 nm following a standard procedure [36]. Scanning transmission electron
microscopy (STEM) images and EDXS data were collected on the samples at an acceleration voltage of

30 kV using the scanning transmission detector.

The STXM experiments were performed at the 10ID-1 beamline of the Canadian Light Source (CLS,
Saskatoon), which has a focused beam of 30 nm in diameter [37]. Sequences (stacks) of images were
collected on selected areas at X-ray energies near the Fe Lz-edge (709 eV). The energy range ([700,760
eV]) and the scan resolution (0.15 eV at the Fe Ls-edge) were selected to obtain a good compromise
between total acquisition time (each image was collected within about 0.5-1 min, and each stack of 130
to 180 images within 1-2 h) and spectral resolution [37, 38]. The measured transmitted signals (I;) were
converted into absorbance values using the incident flux (Ip) measured in the absence of X-ray
absorption. Reference spectra were collected under the same conditions [39, 40]. The intensity of the
reference spectra was normalized to obtain an absolute linear absorbance scale (i.e., absorbance per unit
path length of a pure material with a known density) using the computed elemental response outside the
structured near-edge region [41] and the density of the material [40, 42]. Singular Value Decomposition
(SVD) was used to obtain quantitative maps from the Fe L-edge stacks in terms of the respective
contributions in Fe®, Fe™ and Fe™, using aXis2000 [38-40]. The Fe®, Fe® and Fe!™ contributions
were modeled using the spectra of pure ferrite, siderite (Fe™CQ3), and maghemite (Fe™™,0;) references,
respectively [38, 39, 43]. This fitting procedure allows quantifying the relative proportion of Fe
oxidation states phases in the sample with a good precision (a few per cent). Finally, the uniqueness of

the solution was assessed using a multiple linear regression curve-fitting procedure.

3 Results

3.1 Corrosion of iron powder

The important surface area of the iron powder makes it possible to monitor hydrogen evolution with
measurable amounts. Figure 2 compares the amount of evolved dihydrogen in a CEM I slurry (GPC),

and in a pure cementitious solution without CEM I particles (GPWoutC). It is evident that the presence
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of solid cement phases is extremely important, as hydrogen evolution for GPC is significant from the
first day of reaction. However, hydrogen evolution significantly slows down after about 15 days of
reaction. In contrast, hydrogen evolution is significantly slower during the first 10 days for GPWoutC.
It then accelerates for 10 days, and eventually reaches a plateau after a total reaction time of 20 days.
This simple experiment demonstrates that hydrogen evolution, and, by inference, corrosion rate, are

significantly enhanced by the presence of cement material.

18 T T T T T
16 - 1GPC .
14 4
12 -
\a L
S 10| N
IS L ]
E gt i
T T 1
6 - -
AL GPWoutC
2| .
0 | A R T B B ]
0 10 20 30 40 50 60
Time (days)

Figure 2. Amounts of dihydrogen produced during the corrosion of iron powder in

cementitious slurry or solution at 80°C. Green solid: GPC; blue dotted: GPWoutC.

Characterization of the corroded powders by XRD (Figure 3) shows that only a weak contribution from
magnetite could be detected for GPWoutC. In contrast, for GPC, additional diffraction peaks are visible.
Most of these peaks can be attributed to andradite grossular hydrogarnet (AGH) [44]. The nominal
composition of AGH is CaszAlFe(SiO4)(OH)s, but similar compounds with slightly different
compositions (Caz(AlFex)2(Si04),(OH)43.y) with 0 <x <1 and 0<y<2) can lead to small but
significant shifts in the position of XRD peaks between 10° and 35° [45]. In our case, the peak positions
seem to coincide with the compound for which y = 1 and x = 0 (i.e. CasFe™™,(SiO4)(OH)s),
corresponding to hydroandradite (HA) (ICSD file 29247; [46]). Additional XRD peaks are attributed to
calcite, probably resulting from the carbonation of the cementitious paste that was incompletely

separated from the iron powder.

10
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In conclusion, both the magnitude of hydrogen evolution and the contrasted composition of the reacted
solids demonstrate that corrosion mechanisms strongly depend on the presence of cement phases. The

morphology and composition of the corrosion interfaces will be detailed in the next section.

Fe

GPWoutC
m mo |
I T I T I T I i I T 1
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Figure 3. XRD diagram of iron powders after corrosion with (GPC) or without (GPWoutC)
cement materials during the corrosion in solutions at 80°C. Peaks are assigned to
hydroandradite (HA; ICSD 29247), to magnetite (m; ICDD 01-071-4918), to iron (Fe;
ICDD 00-006-0696), and to Ca carbonate (Cc; ICDD 00-001-0586).

3.2 Corrosion of iron plates

3.2.1 Morphology and chemical composition of corrosion layer

Figure 4 shows the evolution of the plate surfaces as a function of reaction time as observed by SEM in
BackScattered Electron (BSE) mode. For the polished plates, the initial surface is smooth, with only a
few polishing scratches (Figure 4a). After 4 days of reaction (APP_4; Figure 4b), the surface seems to
be slightly roughened, and round particles of about 1 pm in diameter were observed. The EDX signal
from the slightly roughened surface (PI 2; Figure 4b and Table 5) is dominated by Fe, with a very weak
O contribution (2.4 at.%). Thus, if a surface layer of oxide is present, it is very thin. Analysis of the

isolated particles by EDX detects Ca (8.6 at.%), Si (1.2 at.%), O (35.3 at.%), and Fe (54.7 at.%), hinting

11
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at the formation of solids containing these elements. The strong Fe contribution may also result from

the spillover of the electron beam, resulting in a significant contribution from the iron substrate.

The iron surface becomes significantly heterogeneous after 10 days of immersion (Figure 4c), with two
distinct types of areas. First, some areas seem to be smooth and hardly affected by corrosion. Indeed
EDX analysis shows that the O content in these layers (9.5 at.%), although significantly larger than for
unreacted iron, is still much lower than expected for an oxide layer (PI 4; Figure 4c and Table 5). Other
areas are covered by octahedral crystals made of Ca, Si, Fe and O (PI 5; Figure 4c and Table 5). These
crystals cover the entire surface after 90 days of reaction, and their composition is dominated by Ca, Fe,
Si, and O (PI 6; Figure 4d and Table 5), in proportions similar to the composition obtained after 10 days

of reaction.

Compared to the polished surface of APP_0, the surface of GLP_0 exhibits oriented marks typical of
rolling (Figure 4e). After 20 days of reaction, most of the surface is covered by euhedral crystals made
of Fe, O, Ca, and Si (Figure 4f, PI 8), together with areas covered by small crystallites, with an EDX
signal dominated by iron (PI 9). These smooth areas decrease in proportion for GLP_39 (Figure 4g).
After 160 days of reaction, the plate is fully covered by a dense layer of euhedral particles (Figure 4h).
The chemical composition is dominated by Ca, Si, Fe, and O (PI 12). Incidentally, the relative
composition of these Pl is in fair agreement with a CaszFe;Sii.15046(OH)7.4 composition of HA [46]. This

coincidence strongly suggests that the euhedral particles are essentially made of HA.

12
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Figure 4. SEM-Backscattered electron (BSE) images (magnification 5000x) obtained on
iron polished (a-d) or rolled (e-h) plates corroded in the porewater slurry. (a) APP_O,
(b) APP_4, (c) APP_10, (d) APP_90, and rolled plates (e) GLP_0O, (f) GLP_20,
(g) GLP_39, (h) GLP_160.
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Table 5. Quantitative analysis by EDXS of selected points of interest (PI) at the corrosion
interface. Analysed points are located on the images of Figure 4.

Sample Pl Composition (at. %)
o] Al Si Ca Fe
APP_O Pl1 1.1 - - - 98.4
APP_4 Pl 2 2.4 - 0.3 - 97.0
PI3 35.3 - 1.2 8.6 54.7
APP_10 Pl 4 9.4 - 0.6 1.5 88.5
PI 5 68.4 1 4.6 13.8 12.2
APP_90 Pl 6 65 0.3 6.4 17.4 10
GLP_O PI7 2.14 0.15 0 0.2 97.5
GLP_20 PI 8 68.5 0.5 5.3 15 10.7
PI9 9.5 0.3 0.5 1.2 88.5
GLP_39 Pl 10 65.3 0.4 5.9 17.3 11.2
Pl 11 23.3 0.5 2.9 5.4 68
GLP_160 PI12 65.3 1 6.2 18 9.5
HA?® 66.1 0 6.3 16.5 11

@ Hypothetical composition calculated from the CasFe;Si1.15046 (OH)7.4 [46].

3.2.2 Structural characterization of corrosion layers
3.22.1 XPS

The surface of the corroded plates were characterized first by XPS, a relevant technique to study the
type of passive films formed in cementitious solutions [14, 47]. The XPS survey spectra of the different
samples show that the plate surfaces are mostly composed of Ca, Si, Fe and O (Figure 5). Figure 6 shows
the spectra at the binding energy range of Fe-2ps/; core level. For the iron plate immersed during 4 days,
the Fe 2ps» core level is fitted using three contributions. The narrow and asymmetric components at
706.7 + 0.3 eV is characteristic of metallic iron (Fe®). The detection of Fe® at this immersion time
shows that the Fe oxide layer is very thin (less than 10 nm) or heterogeneous (coexisting with bare
metal). The contributions at 708.9 + 0.3 eV and 710.7 + 0.3 eV are attributed to Fe oxide with Fe at
oxidations states of +II (Fe™) and +I1I (Fe™), respectively. The general envelopes for these Fe chemical
contributions can be built using peaks corresponding to the “Gupta and Sen” multiplets [48, 49]. The
corresponding multipeak parameters were provided by Grosvenor et al. [50] who investigated the
multiplet splitting of Fe-2p XPS spectra for Fe compounds. This fitting processing has been recently
used for characterization of Fe3;Os deposits: the presence of both Fe™™ and Fe™ is suggestive of
magnetite [51]. The resulting Fe"™/Fe™ ratio is found to be approximately of 2.2:1 which is close to the
expected theoretical ratio of 2:1 (Fe™™,Fe™Q4). The Fe™ and Fe!"V contributions are still observed for
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corrosion layer. The Fe"™/Fe™ ratio increases to 7.3/1 due to oxidation of the outer layer. For the plates

immersed for 90 days (APP_90 and GLP_160), a chemical shift of the binding energy is observed, and

the Fe™ contribution appears at 712.0 + 0.3 eV. This binding energy can be attributed to Fe™ in a

silicate chemical environment [52, 53].
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Figure 6. Fe 2ps, core level XPS spectra of iron plate rolled or polished immerged for 4,

10, 20, 39, 90 and 160 days in cementitious solution at 80°C (after Shirley background

subtraction). Blue colors refer to contributions from magnetite and metal Fe, green

to contributions from HA.

3.222 XRD

Figure 7 shows that the XRD diffractograms for rolled or polished plates are similar. Only the Fe peak

related to the iron plate is visible for short immersion times (APP_4). This observation shows that the

corrosion layer is too thin to be detected by XRD. Afterwards, additional peaks attributed to HA appear,

and their intensity increases with immersion time (APP_10, APP_90, GLP_20, GLP_39, and GLP_160),

indicating accumulation of this solid. Magnetite is also detected for reaction times greater than 90 days.
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Figure 7. Evolution of XRD patterns for plate samples corroded in cementitious slurry.

HA: hydroandradite. m: magnetite. Fe: ferrite.

3.2.2.3 u-Raman spectroscopy

The p-Raman spectrum collected on APP_4 displays two peaks at 541 and 666 cm™ ( Figure 8), which
are diagnostic of magnetite (Fe3O4) [54]. Thus magnetite forms a thin film on the iron surface after four
days of corrosion. The conditions of the study (i.e. alkaline medium and anoxic environment) are
consistent with the formation of small-sized domains during the first growth phase of this oxide [28,
55]. The spectra for longer corrosion times (10 and 90 days) confirms the persistence of magnetite.
However, new peaks at 318, 508, 864, 972 and 3615 cm! are detected, and are similar in position to the
contributions observed for garnets such as andradite (CasFe>**(SiO4)4) and grossular (CasAl(SiOu)s)
[56] as well as (hydro)andradite from Nagaland ophiolite [57]. The peak at 318 cm™ can be attributed
to vibration modes of silicate [58-60] in garnets, and specifically the groups bound to Fe!™ [58]. The
peak at 508 cm is explained by vibration of Fe(OH)s chemical bonds [61] which can be found in

hydrogarnet. The peaks between 400 and 650 cm™ are explained by bending of O-Si-O bonds [60, 62],
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and the peaks at 864 and 972 cm’ by stretching of Si-O bonds [60, 63]. The peak at 3615 cm!
corresponds to stretching of hydroxide bonds (OH) [62, 64, 65] which are prevalent in the case of HA.
The corrosion products observed for rolled plates are similar to those obtained for the polished

substrates, meaning magnetite and HA could also be observed for these samples.
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Figure 8. Evolution of pRaman spectra collected on polished and rolled plates as a

function of reaction time in cementitious slurries.

3.2.2.4 Scanning Transmission electron microscopy

The corrosion interfaces are quite thin, posing significant challenge to a conventional cross-section
analysis by SEM. To overcome this limitation, thin sections were extracted from the surface of reacted
plates, and investigated by STEM and EDXS (Figure 9). Images and EDXS analysis for four days of
reaction time (APP_4, Figure 9) confirm the presence of a thin (< 100 nm) layer enriched in O and Fe
and covering the surface. The composition of this layer is consistent with an Fe (hydr)oxide, and
corroborates the formation of magnetite. A few locations are also concentrated in Ca and Si, together

with some Fe, which hints at the formation of HA-like compounds even for this short reaction time.

The corrosion interface observed for 10 days of reaction (APP_10) is notably distinct in terms of
structural organization (Figure 9). The interfacial (Fe,O) (magnetite) layer is still present, but seems to
be slightly thinner. It forms a median fringe which is partially covered by an outer layer of squat particles
with an apparent diameter of ~1-2 um. The chemical composition of these particles is dominated by O,
Ca, Si, and Fe, meaning these solids probably correspond to HA. The fragmented nature of the outer

layer parallels the SEM observations (Figure 4c), and confirms the absence of continuity for the
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corrosion outer layer. The most notable feature, however, is the presence of jagged local voids with
depths of up to 200 nm between the magnetite fringe and metal. Clearly these voids could not be
observed by surface SEM, and they were too small to be reliably detected on conventional polished
cross-sections. Note that some of these voids are gradually filled by HA precipitates. Finally, the metal

surface seems to be covered by a thin (<100 nm) layer of (Fe,O) composition.

After 90 days of corrosion, STEM cross sections show that the outer HA particles have grown and
coalesced, forming a continuous layer of 5-6 um in thickness. The median fringe is still present, but
significantly reduced in thickness. The iron surface is now significantly corrugated and heterogeneously
corroded, with the thickness of corroded iron varying between 0 and up to 2 um. Most of these cavities
are filled either with HA, or with (Fe,O) solids (probably magnetite, the only Fe oxide detected for this
sample). The STEM data also suggest, but do not offer definite proof for, the presence of an Fe oxide

layer at the interface between metal and the corrosion products.

The interface observed for the rolled plate corroded over 160 days (GLP_160; Figure 10) is similar to
that of APP_90. The outer layer of corrosion products is made of HA particles, and HA is also present
as metal-replacing corrosion products, together with Fe oxide. The median fringe is also present, and an
oxide layer is in contact with the highly jagged and corrugated metal surface. Interestingly, the corrosion
layers are notably thinner than for the APP_90 sample. However, it is not clear whether this is due to

difference in reactivity, or is simply due to some surface heterogeneities.
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Figure 10. STEM picture (top) and EDXS element maps on the boxed area (bottom) of

the corrosion interface for iron samples immerged for 160 days.

The oxidation state of Fe in the corrosion samples was further scrutinized by STXM [38]. This technique
is based on the absorption of low-energy (soft) X-rays [40], and was used to collect maps of Fe L 3-edge
X-ray absorption spectra over the corrosion interfaces. These spectra exhibit two distinct bands near 708
and 710 eV, the low- and high-energy contributions predominating for Fe™ and Fe™, respectively. In
our case, this technique can be used to determine the Fe oxidation state in the layer and its stoichiometric
distribution. Figure 11 shows the area on the FIB thin section for GLP_160 analyzed by STXM. The

overall spectral hypermap is segmented in clusters of spectra with similar shapes.
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Figure 11. Mapping the areas of interest on the plates immersed for 160 days and the

corresponding STXM results.
The median magnetite fringe is not observed on STXM maps. This is possibly because it is too thin
compared to the overall lateral resolution of the STXM (30 nm) and would correspond to only 1 pixel
width. Cluster 1 corresponds to the empty overspace while cluster 2 represents the protective platinum
strip used during the preparation of the FIB thin section. Cluster 3 corresponds to the HA precipitates in
the outer and metal-replacing layers. Spectral analysis indicate that the layers contain almost only Fe™,
consistent with the oxidation state of Fe in HA [45]. Clusters 5 and 6 correspond mostly to metal iron
with a small contribution of oxidized Fe in cluster 5. Finally, the cluster decomposition singles out the
oxide layer at the iron surface (cluster 4), and spectral decomposition indicates the presence of Fe® (due
to nearby iron), Fe™, and Fe!", The Fe!™/Fe™ ratio is close to 2, the value expected for magnetite.

This layer has been detected in similar studies [38] and has been identified as a barrier layer [33].
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4 Discussion

4.1 Impact of cement material on iron corrosion at 80°Ca

Our investigation demonstrates the role played both by the solution physico-chemical conditions and
the presence of cement phases on the anoxic corrosion of iron in cementious systems at 80°C.
Experiments with iron powder in absence of solid phases (porewater only) show the presence of an
induction period of significant corrosion between 10 and 30 days, and of corrosion decrease within one
month. This demonstrates that passivation rapidly occurs. In the presence of cement solids, the induction
period shortens, total hydrogen evolution is greater, but passivation is attained more rapidly. The
presence of cement solids also promotes the formation of hydroandradite, a phase which is not observed
for experiments in cement-equilibrated filtered solution. This demonstrates that a steady supply of

elements dissolved from solid sources is essential to precipitating hydrogarnet phases.

Characterization of plates reacted in a cement-containing slurry shows that the same phases (magnetite
and hydroandradite) form as corrosion products. The corroded thickness is quite limited (less than 2 pm
after about five months of corrosion), which points to an average corrosion rate smaller than 5 um/year.
The corrosion rate after a few months is expected to be even smaller, as the microscopic investigation
clearly suggests that most of the iron corrosion occurred during the first months of interaction. Taken
together, these results suggest that the presence of cement phases strongly influences corrosion thanks
to the buffering of [Cal.q and [Si]aq. At the very beginning of the experiment, there is no dissolved Fe,
but [Fel.q steadily increases until supersaturation conditions are attained with respect to HA. These
supersaturation conditions favor the formation of HA, first on the outer surface, meaning that the bare
metal surface is not protected and dissolves rapidly. For the iron powder, the greater specific surface
would imply a faster reactivity, leading to a greater short-term reaction, but to passivation after only 20
days. In contrast, for plates, corrosion stretches over a much longer time span of at least a few months.
Eventually, HA precipitation in the inner voids results in the formation of a compact interface, favoring
the creation of a barrier layer and limiting corrosion by thwarting diffusion of reacting dissolved species

[66].
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4.2 Corrosion mechanism

Our results show that the nature and the structure of the corrosion interface change with reaction time.
Successive steps can be identified (Figure 12). The first phase of corrosion occurs just after iron
immersion in solution and corresponds to the formation of a nm-scale layer of magnetite (Figure 12a).
This initial formation of magnetite is a well-known phenomenon under anoxic aqueous conditions [16],

and is usually explained by the oxidation of Fe® to Fe™ to form Fe(OH): [3, 67, 68]:

Fe + 2 HO — Fe(OH): +H>1T

followed by solid-state transformation of Fe(OH): (also known as Schikorr reaction) [69]
3 Fe(OH):— Fe;04 + H2T + 2H20

Another hypothesis for the formation of this magnetite layer invokes a solid-state reaction of coupled
Fe diffusion toward the iron outer surface, and O diffusion toward the iron bulk, modeled as diffusion
of O vacancies toward the surface [30, 33, 70, 71]. This reaction rate would then be controlled by the
flux of vacancies toward the surface. A consequence of this solid-state reaction is that a fraction of Fe
at the iron surface does not precipitate as magnetite, but is released as dissolved Fe. Under the alkaline
conditions of the cement phase, the stable dissolved species would be Fe(OH)4>, but the stability domain
of this species in water is quite restricted [72]. This means that dissolved Fe would accumulate and

possibly oxidize as Fe(OH)4™ until supersaturation with respect to HA is attained

The second step corresponds to nucleation and growth of HA crystallites at the iron outer surface,

incorporating elements (mostly Ca and Si) released by cement dissolution [45, 73-76], according to

2 Fe(OH)s + 3 Ca** + SiO(OH)s + 3 OH — CasFex(SiO4)(OH)s + 3H>0

The formation of HA seems favored by the relatively high temperature conditions, as it forms only in
small amounts at 20°C after three years of synthesis, but precipitates quantitatively at 110°C after only
three days [45, 61]. This precipitation correlates with the formation of a layer of magnetite at the iron
surface, probably corresponding to the oxido-reduction interface. This magnetite layer seems to grow
along preferential zones, e.g. along defects or grain joints, thus leading to the observed jagged interface.
Interestingly, the first magnetite layer does not disappear, but remains fairly stable (with, perhaps, a little

dissolution over 160 days). Voids form between this fringe and the barrier layer. These voids probably
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occur because Fe oxidized from the anodic reaction is readily incorporated by HA, thereby hindering
the nucleation of any new phase. By maintaining relatively low [Fel.,,, HA growth also hinders the
growth of the barrier layer, and so maintains relatively high corrosion rates. This should result in the
significant corrosion rate of the active dissolution stage, in which most of hydrogen evolution occurs for

powders.

The third step corresponds to the growth of HA particles in the outer layer and in the metal-replacing
voids, eventually forming a metal-replacing layer of corrosion products. This continuous layer of
corrosion products limits the flux of reactants and products and significantly alters the limiting
conditions at the surface of the barrier layer. As a consequence, the diffusion reaction within the barrier
layer significantly slows down. The thin magnetite fringe directly at the iron surface would itself
possibly correspond to the barrier layer [30, 31, 33]. The combination of this protecting barrier layer
and diffusion-limiting HA layer would eventually slow down the corrosion rate, explaining why, after

almost six months of reaction at 80°C, corrosion penetration is only about 2 um.

: Metal Magnetite Cementitious solution
a 'V'eta' Wagnetie Fes0, Ca 5' FeO Ca, $i,0, Na, K, .
Fe;0,4
Metal Magnetite HA Cementitious solution
b Fe Fe;0, CaSiFe,0 Ca,Si0, Na,K, ..

.3
> B

Figure 12. Schematic representation of iron-cement solution corrosion interface for

(a) formation of magnetite during the first step, (b and c) growth of HA and formation

of voids replacing metal. (d) Precipitation of HA within the metal-replacing voids.
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4.3 Estimation of the amount of corrosion

The amount of corroded iron can be assessed first from the volume of evolved H,, provided the
stoichiometry of oxido-reduction reaction is known. Under our anoxic conditions, the coupled reactions
between Fe oxidation and water reduction simply write

Fe + 2 H,O — Fe** + 20H +H: 1

and

Fe + 3 H:O — Fe’* + 30H +3/2 H»1

For Fe final oxidation states of +1I and + III, respectively. A rapid calculation shows that, depending on
the final oxidation state of Fe, 86 and 21 wt.% of iron is oxidized at the end of the GPC and GPWoutC
experiments, respectively. The amount of corroded iron for the plate samples is much more limited (0.36

wt.% for AAP_90).

Oxidized Fe can be retained in the corrosion products, or, alternatively, dissolved and get transported
away from the interface [34, 77]. The magnitude of the possible Fe loss can be obtained by comparing
the thickness of corroded iron and the amount of oxidized Fe retained in the corrosion products. The
amount of Fe in corrosion products is conveniently assessed by the equivalent thickness e.q of metal
iron. This value is calculated from the fraction of Fe present in each homogeneous corrosion layer as

[34,78,79]

Pi
e =Zd-F-—
eq : L lpFe

where d;, 0 and F; are is the thickness, density and mass fraction of Fe for each corrosion layer i, Pr. is
the density of metal iron, and the sum runs over all corrosion layers at the interface. To simplify, the
outer layer and HA-containing metal-replacing layers were assumed to be made of HA only, with no
porosity. The median fringe and the metal-contacting barrier layer were assumed to be made of
magnetite only. The density for HA and magnetite were taken equal to Pua = 3.13 [46] and Pmagnetite =
5.2 [34]. The eq calculations are summarized in Table 6. The final e.q value (0.16 um) is somewhat

smaller than the thickness of corroded iron, obtained by adding the thicknesses of the barrier layer and
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the metal-replacing layer, i.e. 0.03 + 0.22 = 0.25 pm. This suggests that a significant fraction of Fe must

dissolve away from the interface.

Table 6. Parameters and values for the calculation of ecq.

Unit Composition  F# pP APP_90 GLP_160

d (um)  eeq’ (UM) di (UmM)  eeq (umM)
Barrier layer magnetite 0.72 5.2 0.09 0.043 0.03 0.014
Metal-replacing layer HA?® 0.23 3.16 1.4 0.13 0.22 0.02
Median fringe magnetite 0.72 5.2 0.03 0.014 0.028 0.014
Outer layer HA 0.23 3.16 4.0 0.37 1.13 0.11
Total 0.56 0.16

2 mass fraction of Fe in layer i

b density of layer i

¢ thickness of layer i

d equivalent thickness of layer i
¢ Hydroandradite

5 Conclusions

Corrosion studies on iron under anoxic cementious conditions highlight the role played by both solution
composition and iron corrosion in the nature of corrosion products. The initial layer of magnetite
indicates that corrosion is initially driven solely by electrochemical reactions at the iron surface. The
next step of voids forming at the iron surface coupled with HA precipitation on the outer surfaces
emphasizes the role played by precipitation reactions in maintaining relatively high initial rates of
corrosion. This explains the initial acceleration of corrosion in presence of cement phases. Eventually,
these precipitates cover the interface, fill the voids and limit the transport of reactants and species, which
results in slower corrosion. Thus, simple experiments performed after a couple of days would not capture

this complex behavior

Another interesting point is the detection of successive layers of HA and magnetite. Our time-resolved
study has pinpointed the origin of each of these layers, and provides a reasonable explanation for this
succession. A tentative explanation based on a single structural observation after more than three months
would have been comparatively more complicated, and would not have been able to explain the non-

linear variations in Fe oxidation.
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Finally, our study also demonstrates the key role played by the barrier layer in controlling the corrosion
rate and long term protection/passivation of carbon steel in anoxic environments. Previous studies in
soil and clay systems have indeed demonstrated that this layer is a key to corrosion limitation [38]. In
fact, this layer is a common feature for experiments demonstrating long-term inhibition of corrosion
under anoxic conditions, whether in carbonate system [39], in clay [38], or in cement phase (this study).
It supports our case that it is this layer which is responsible first for the limitation of carbon steel
corrosion under anoxic conditions. Clearly, the formation of this passive layer is anticipated in the
conditions of the Belgian supercontainer for radioactive waste disposal. Therefore, iron corrosion should
be maintained at a value low enough to guarantee the long-term integrity of the overpack before it is

eventually exposed to the clay porewater.
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