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The corrosion of carbon steel in alkaline anaerobic conditions and high temperature (80°C) was studied through
mock-up tests representative of imperfect contact between steel and cementitious material. The evolution of the
whole system, including cement mineralogy, reservoir solution chemistry, corrosion product and rate, was fol-
lowed over one year. SEM-EDX and XRD analyses indicated that the corrosion product layer was mostly
constituted of (Fe,Al)Si-Hydrogarnet ((Fe,Al)Si-HG) and that its densification progressively inhibited corrosion.
Thermodynamic and reactive transport modelling helped to better constrain the chemical and temperature

conditions of (Fe,Al)Si-HG formation.

1. Introduction

From the 1950s, the deep geological repository (DGR) has been
internationally considered as the best option for the management of
nuclear waste with high level of radioactivity (denoted HLW) [1]. The
strategies to allow safe disposal of HLW for hundreds of thousands of
years may vary according to the different national geological context
and the distinct rules and regulations in effect. But all strategies rely on
the multi-barrier concept, globally made of a waste package, a buffer
material and a host rock [2,3]. Cement-based materials are widely used
as buffers. For instance, regarding the Belgian and Dutch envisioned
DGR design [4], the HLW waste packages consist of stainless-steel can-
isters, containing the nuclear glass, encapsulated into low carbon steel
overpack. In these concepts, the waste packages will be emplaced in a
700 mm thick CEM I concrete buffer encased in a steel liner, referred as
the supercontainer design [4]. The Hungarian DGR design also relies on
low carbon-steel containers containing the HLW encased in a pre-
fabricated cylindrical CEM II concrete buffer material [5,6]. The role of
such thick concrete buffer is to passivate low carbon steel by highly
alkaline pH conditions. After the repository closure, Oy from the air will
be rapidly consumed [7] and high temperature (80°C) will be reached
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due to heat production by HLW radioactive decay [8]. In the long term,
the cementitious buffer material, as well as its porewater solution, will
evolve, mainly leading to the decrease of the pH of this latter [9].

With this respect, the corrosion of carbon steel in anoxic conditions
has been investigated in the presence or absence of cementitious ma-
terials, at various temperatures, relative moisture contents and pH
values (e.g. [10-16]). In most studies, the corrosion was generalized,
even though the likelihood of pit initiation, while low, may not be
negligible [17,18]. The corrosion rate of steel in such conditions
decreased with time, down to values comprised between 1 um/year to
0.1 nm/year, depending on the previously mentioned parameters as well
as on the method to measure such low corrosion rates ([19]). The
measured low corrosion rates were usually related to the formation of a
passivating film at the surface of the steel (e.g. [20,21]). In some studies,
an important effort was devoted to the identification of the steel
corrosion products. Such studies mostly revealed that hematite
(a-Feg03), lepidocrocite (y-FeO(OH)), goethite (a-FeOOH), maghemite
(y-Fe203) and magnetite (Fe3O4) were the main corrosion products [6,
14,15,22,23]. Magnetite was generally the dominant corrosion product
in anaerobic conditions.

However, it was recently shown that Fe (hydr)oxides would not be
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the most thermodynamically stable phases in a cementitious environ-
ment and that (Fe,AD)Si-HG of the following composition Cas(Al(-
0Fex)2(8i04)y(OH)4(3 _ y) could rather form instead [24,25]. On the one
hand, this phase can arise from the hydration of Fe-bearing cement
clinker and additives and on the other hand, carbon steel can be a Fe
source to produce such phase [25]. To the best of our knowledge, only
one recent experimental study evidenced the formation of such (Fe,Al)
Si-HG phase as a carbon steel corrosion product in the above mentioned
conditions [26]. This previous work showed that a nanometric magne-
tite layer formed in a first stage until the ingress of elements coming
from the cement (i.e., Ca, Si) favored the precipitation of (Fe,Al)Si-HG.
However, a lot of questions remain regarding the parameters controlling
the precipitation of such (Fe,Al)Si-HG phase against magnetite, and of
the role of this phase on the long-term corrosion rate of carbon steel.
Moreover, the use of low carbon-steel component presenting defective
surfaces (e.g., presence of mill scale layer, rough surface) in real re-
pository systems can have an impact on the corrosion mechanism and/or
on the associated corrosion rate.

In the present study, the corrosion of carbon steel samples either
embedded in a hydrated CEM I paste or immersed in a CEM I reservoir
solution was investigated through laboratory experiments performed at
80 °C in the framework of the BACUCE project [24,27]. The impact of
the initial steel surface condition (i.e., presence of mill-scale layer, rough
or polished surface) on corrosion mechanisms was also studied. The
time-dependent evolutions of (i) cementitious reservoir solution, (ii)
cement mineralogy and (iii) carbon steel corrosion were investigated
together to better apprehend the anoxic corrosion of low carbon steel at
elevated temperature in cementitious media. The characterization of the
samples by SEM-EDX and XRD together with geochemical modelling
allowed a better understanding of the whole system evolution and
identification of the parameters that promote (Fe,Al)Si-HG formation.

2. Materials and methods
2.1. Steel, cement and reservoir solution

2.1.1. Low carbon steel

Fig. 1-a gives the composition of the TU37b (A37) steel that was
chosen for the BACUCE experiments due to its chemical similarity with
the alloy of the steel casing (API 5 L X65 steel) selected in the French
design for HLW geologic disposal. The mean composition of this steel
was determined from 10 measurements made by optical spectrometry
with a SPECTRO MAXx Ametek© (Fig. 1-a). This low carbon steel ex-
hibits a ferrite-pearlite layered structure (Fig. 1-a). Its external mill scale
layer has a heterogeneous microstructure and presents “indentations” of

Corrosion Science 237 (2024) 112318

several tens of micrometres (Fig. 1-b). This mill scale layer is enriched in
Na, P, O, Zn and Fe (Fig. 1-b) and the oxide layer is primarily made of
magnetite [27]. The enrichment of Si observed in Fig. 1-b is linked to the
presence of a gap between the resin and the steel where SiC polishing
grains were trapped.

2.1.2. Hydrated ordinary Portland-cement

An ordinary Portland cement (CEM I, 52.5) from Val d’Azergues
(Lafarges, France) was employed for this study and its composition is
given in Table 1.

The hydrated cement paste (HCP) was produced using a water to
cement ratio (W/C) of 0.42. After 28 days of hydration at ambient
temperature, the mineralogical composition of the HCP was examined.
The results are in close agreement with the one obtained in previous
studies [28,29]. Briefly, the XRD pattern collected on a disked sample
(see Section 2.5.2 for the method) revealed the presence of portlandite,
C-S-H, ettringite, hemicarboaluminate, monocarboaluminate, calcite
and (Fe,Al)Si-HG as the main hydration products (Fig. SI-1). For the
latter phase, the formulation Caz(Al(;.xFex)2(Si04)y(OH)4(3 — y) can be
given but the exact composition is not known from the XRD data. When
observed by XRD in cementitious material, this phase can be considered
as Si-katoite CazAlx(SiO4)y(OH)4z — y) [28,30] but a Al/Fe ratio of

Table 1
Chemical composition of CEM I from Val d’Azergues and mineralogical analysis
provided by the manufacturer.

Chemical analyses (g/100 g)

CaOo 64.6
SiO, 20.7
Al,O3 3.2
Fe,03 4.5
CaO(free) 1.8
MgO 0.6
K,0 0.6
NayO 0.1
CO2 1.1
SO3 2.8

Mineralogical analyses (g/100 g)

Alite (C3S) 65.3
Belite (C»S) 13.5
Aluminate (C3A) 0.9

Ferrite (C4AF) 13.5
Total clinker 93.2
Gypsum 3.9
Filler 29

Fig. 1. (a) Microstructure parallel to the rolling direction and composition of the TU37b steel measured by optical emission spectrometry; (b) SEM-EDX mapping of
the external mill-scale layer of the Tu37b steel. The microstructure of the steel was revealed after polishing the steel surface down to 0.05 um with silicon colloids

following chemical etching with a 2 % HNOs Nital solution.



J. Goethals et al.

approximately 0.5 was measured by EDX for this phase in an old mortar
[31]. Although scarcely observed in cement paste, this phase is ther-
modynamically predicted in HCP [25,30,32,33]. The presence of re-
sidual C3S, CaS, C4AF as the main unreacted cement (UC) phases is also
observed. The amount of portlandite (17 vol%) and calcite (2 vol%)
were determined by themogravimetric (TG) analyses and the combined
amount of C5S/C3S (8 & 1 vol%) and C4AF (3 £ 0.5 vol%) were deter-
mined by SEM grey level analyses. The porosity (35.7 + 0.3 %) was
obtained from water content measurements performed on 3 samples.

2.1.3. Synthetic reservoir solution

A hyperalkaline solution that mimics the so called “young cement
porewater” solution was prepared by mixing appropriate amount of
NaOH (pellets, 98 % purity, Fluka®), KOH (pellet, 98 % purity, Fluka®)
and Ca(OH)z (99 % purity, Alfa Aesar®) in vacuum degassed MilliQ®
water (18.2 MQ.cm at 25 °C). The pH of this solution was measured at
20°C(13.6 £ 0.1) and 80°C (12.1 £ 0.1) and the chemical composition
was analysed after fifteen days of heating at 80°C (Table 2).

2.2. Experimental set-up

Two types of experiment were designed to study both the corrosion
of steel, either in direct contact with HCP or immersed in CEM. Exper-
iment 1-R (EXP 1-R) was dedicated to (i) study the corrosion of steel,
either in direct contact with HCP, or in the presence of an imperfect
contact, (ii) evaluate the effect of the initial steel surface condition (i.e.,
presence of mill-scale layer, rough or polished surface) on the corrosion
rates and (iii) assess the solution composition and pH change with time.
For this purpose, TU37b steel rods of 3.1x1.5x1.0 cm® were cut from a
TU37b tube section. Of the six exposed surfaces of the rod, three were
ground with 180 SiC grit paper (top, bottom and left sides), one was
polished with diamond paste down to 3 um and on the two other sides,
the pristine mill scale layers were preserved (Fig. 2-b). HCP was pre-
pared in an anoxic glove box by mixing the ordinary Portland cement
(OPC) with degassed water (Water/Cement ratio = 0.42) and directly
poured in the PTFE reactors so that half of the rod height was embedded
in CEM I (Fig. 2-a and Fig. 2-b). After pouring, HCP was let to harden
during 28 days in the closed PTFE reactors prior to their partial filling
with the CEM I reservoir solution (Table 2). Despite the fact that the
samples were prepared in an anoxic glove box, one can note that oxic
corrosion processes impacted to some extent the unembedded steel
surfaces during the initial phase of HCP paste hardening. As it was not
possible to retrieve the steel rods from the HCP, grinding and polishing
operations were repeated in anoxic glove box to remove the corrosion
products formed on the unembedded part of the metallic samples. In
addition, one sample was sacrificed to check the extent of corrosion
processes impacting the embedded part of the metallic rod. Examination
of the steel surface under optical microscope revealed that damage
causes by corrosion were very limited. Once HCP setting phase was
achieved, at ambient conditions, and after a last grinding and polishing
operation, the six remaining 1-R PTFE reactors were filled with 18 mL of
reservoir solution (Table 2) and transferred in an oven under argon at-
mosphere at 80°C.

Experiment 2-C (EXP 2-C) was dedicated to (i) investigate the
corrosion of steel in the presence of the CEM I, but without direct contact
between the two materials and (ii) follow the mineralogical evolution of
the CEM I with time at 80°C. For this purpose, TU37b steel coupons of
1.0x1.5x0.2 cm® were cut so that the 1.0x1.5 cm? surface area was
perpendicular to the rolling direction of a TU37b tube section. CEM I
disks of (¢) 27 mm x (h) 2 mm were cut from CEM I cylinders prepared
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in a similar manner as for EXP 1-R (Fig. 2-c). After 28 days, at ambient
condition, the disks were put at the bottom of PTFE reactors, and the
steel coupons were inserted in a PTFE basket located above the disks, in
order to avoid any contact of steel with the cement disks nor the PTFE
reactor. The six 2-C PTFE reactors were then filled with 6.6 mL of the
CEM I reservoir solution and put in an oven under argon atmosphere at
80°C. The dimensions of both 1-R and 2-C experimental systems were set
to obtain cement surface to CEM I reservoir solution volume ratio and
exposed steel surface to reservoir solution ratio values close to the ones
existing for an in situ experiment of the BACUCE project (2.24 and 0.66,
respectively). Samples from each experiment were periodically
retrieved and characterized following the different methods presented in
the next sections.

2.3. Solid sample preparation for micro characterization

The steel-HCP assembly from EXP 1-R was first transferred in an
anoxic glove box and immersed in deaerated ethanol (99 %) for 4 h to
stop corrosion. Then, the samples were dried at least 12 h inside the
glove box using silica gel prior to be embedded in Struers© Epoxy resin.
After this, slices of both HCP covered and uncovered steel sample parts
were cut perpendicularly to the rod axis with a diamond wire saw and
ethanol as lubricant. The samples were then polished with SiC grit paper
and diamond paste, down to 1 pm. As the sample preparation was per-
formed in aerated conditions, the polishing operation was done just
before the analyses to reduce the impact of sample preparation on
oxidation of the samples and the latter were transported to the different
analysing facilities in an argon-containing sealed box.

2.4. Solution analyses

Reservoir solution from EXP 1-R was sampled at different time and
analysed to monitor its chemical evolution with time. Periodically, re-
actors were retrieved from the oven, put in an in-house isothermal
container to maintain the temperature at 80°C and transferred in an
anoxic glove box. For pH measurements, a fraction of the solution was
transferred in a thermostated bath with temperature set at 80°C and
measurements were made with a pH electrode (Mettler-Toledo) freshly
calibrated with IUPAC pH buffer (9.18 and 12.46 at 25°C). The other
fraction of the solutions was filtered with 0.2 um PTFE Millipore©
membrane filter and rapidly diluted in an adapted medium for further
analyses (i.e., 2 % mass.HNO3 or MilliQ water) to avoid precipitation
after cooling. Major cations (Na*, K*, Ca%t, Mg?*, sr*™) and anions (CI,
F, SO%, NO3) were analysed by means of ionic chromatography with a
Metrohm 850 Professional IC. ICP-MS analyses of Fe, Al and Si were
carried out with a Q (quadrupole)-ICP-153 MS (Thermo Scientific X
Series 2).

2.5. Solid sample characterization methods

2.5.1. Scanning electron microscopy

Scanning electron microscopy (SEM) coupled with energy dispersive
X-ray spectroscopy (EDX) was used to conduct analyses on the
embedded polished samples coming from EXP 1-R as well as on one steel
coupon coming from EXP 2-C (sampled after 28 days of interaction)
dedicated to metallic surface analyses and initially formed corrosion
products identification. SEM-EDX analyses were performed with a JEOL
5800 LV microscope operating at 15 kV and 0.5 nA. Acquisition time of
the EDX measurements was fixed to 60 s. Due to the potential presence
of non-oxide minerals in the corrosion product layer, oxygen content

Table 2

Composition of the synthetic reservoir solution measured after fifteen days of heating at 80°C. The total concentrations are given in mol/L.
Na* K" Ca** Kory cr Si Fe AP*
5.2x1072 2.4x107" 1.5x1073 2.0x107° >3.7x107* 2.5x107° 1.8x107° 1.9x107°
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Fig. 2. (a) Set-up of the experiment 1-R (EXP 1-R) with (b) a schematic 3D-view of the grout-steel assembly put in the PTFE reactor; (c) set-up of the experiment 2-C

(EXP 2-C).

was measured and quantified independently from the other elements
and not recalculated stoichiometrically. The following standards were
used for calibration: alumina (Al03) for O, halite (NaCl) for Na, sylvite
(KCD) for Cl and K, periclase (MgO) for Mg, wollastonite (CaSiOs) for Ca
and Si, pyrite (FeSy) for Fe and S. Non-quantitative EDX maps were
collected at higher current intensities (1 nA) to optimize the quality of
the mapping vs the acquisition time ratio.

2.5.2. X-ray diffraction (XRD)

To evaluate mineralogical evolution of HCP with time, XRD analyses
were conducted directly on CEM I disk surfaces from EXP 2-C in a Bragg-
Brentano geometry. The surface of some corroded steel coupons from
EXP 2-C was also scanned in Bragg Brentano geometry. For both type of
samples, a D5000 Bruker AXS diffractometer equipped with a Cu anti-
cathode (A = 1.5406 A) operating at 40 kV and 25 mA was used. XRD
scans were collected using an anti-air scatter screen in the range 20 = 5°
to 70° with a step size of 0.01° and 3 sec/step. These scans were first
treated with the DIFFRACPLUS EVA software (Bruker) and the crystal-
lographic open database (COD) was then used to attribute diffractions
peaks to the corresponding mineralogical phases.

2.6. Corrosion rate determination by weight loss measurements

To assess the evolution of the corrosion rates with time, weight loss
measurements were performed on steel coupons periodically retrieved
from EXP 2-C, following the ASTM recommendation [34]. Briefly, steel
coupons were taken-off from the reactors in an anoxic glove-box and
immersed in 99 % pure de-aerated (under vacuum) ethanol for few
seconds to stop corrosion. Then the coupons were dried, transferred
outside the glove box, and immersed in the following successive baths:
15 % HCL - 5% Hexamine solution, 5% Nap,CO3 and Isopropanol
(99 %) with intermediate rinsing in deionized water between each bath.
After this process, the coupons were weighted with an accuracy of
0.1 mg. This operation was repeated until the weight stabilization of the
coupons. The corrosion rates were calculated from the following
equation:

3650 x weightloss(mg)

Corrosion rate(pmy™") = (@]

Density( £ ) x Area(cm?) x Time(days)

cm3

with a density of 7.85 (g/cmg) for steel.

2.7. Geochemical modelling

2.7.1. Modelling approach and code

The modelling of corrosion tests was performed with the reactive
transport code HYTEC [35]. Under the present water-saturated condi-
tions, the coupling between chemistry and diffusive transport was
modelled by the following equation [42]:

0wC;
Jat

003Ci _

pn (2

Ve (DEVCj) —

where D, represents the effective diffusion coefficient for all the dis-
solved species (D, = wD, where D, is the pore diffusion coefficient), o is
the material total porosity, and C; and C; are the species i mobile total
concentration in solution and immobile total concentration in solid

phases, respectively. The term —% is the source/sink term that is
driven by chemical reactions, whereas the other terms represent trans-
port processes. HYTEC searches for an accurate solution to the multi-
component transport problem using an iterative, sequential, so-called
strong coupling scheme. The transport module of HYTEC is based on the
representative elementary volume (REV) approach with finite volume
calculation.

All chemical reactions were modelled at local thermodynamic
equilibrium with truncated Davies activity correction model relevant for
ionic strengths up to 0.5 molal. The aqueous chemistry included acid/
base reactions, oxidation and reduction (redox) processes and aqueous
complexation by inorganic ligands. The solid phase reactions dealt with
dissolution and precipitation processes.

2.7.2. Thermodynamic database and solid phases

The 2019 version of Thermoddem (TDM) thermodynamic database
was used [36]. TDM is a database for the thermodynamic properties of
interest for hazardous and radioactive wastes, as well as the geochem-
istry of natural environments. TDM has also the advantage to allow
calculations relevant for the present study relatively high temperature
(80°C) conditions. In the model, the formation constant of (Fe)Si-hy-
drogarnet (CasFex(SiO4)0.84(OH)sg 64), and the formation constant of (Fe,
Al)Si-hydrogarnet (Ca3AlFe(SiO4)9.84(OH)g¢4) were derived from the
study of Dilnesa et al. [37] and added to the TDM database. Table 3 gives
the thermodynamic equilibrium constants of the iron phases considered
in the modelling.
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Table 3
Thermodynamic equilibrium constants of the iron phases considered in the
modelling.

Solid phase Formation reaction 25°C Log K¢ 100°C
60°C
Thermoddem
database™
Fe(element) Fe?* + H,0 — Fe + 0.5 Oy(aq) —58.85 —52.03 —45.74
+2H"
Goethite Fe>' 4+ 2 H,0 — FeOOH + 3 H' —0.36 0.75 1.77
Magnetite 2Fe3 + Fe?* + 4 H,0 — Fe;04,  —10.36 —6.39 —2.75
+8H'
Greenalite® 3Fe?" + 2 HySi04 + Ho0 — —21.77 -1857  —15.64
Fe3Si05(0OH)4 + 6 H"
Additional
hydrogarnet
(Fe)Si-HG 3 Ca*" + 2Fe®* + 0.84 H,Si04  —63.2 -52.2 —42.2
+ 8.64 HyO —
CagFe,(Si04)0.84(OH)g 64 +
12H'
(Fe,Al)Si-HG 3 Ca?" + Fe* + APT + —66.8 —-56.3 —46.8

0.84 H4SiO4 + 8.64 H,O —
CazAlFe(SiO4)0.84(OH)g 64 +
12H"

(a) Blanc et al. (2012), version 1.10 (2019); (b) only used for the general Pourbaix
diagrams (Fig. 16).

The minerals considered in the reactive transport modelling for
dissolution and/or precipitation processes are the following: the discrete
set of C-S-H with C/S from 0.8 to 1.6, portlandite (CaOHy), ettringite
(CagAly(S04)3(0OH)12:26 H50, monosulfoaluminate (CagAl,.
S010:12 Hy0), monocarboaluminate (CasAl3C0Og:10.68 H30), hydro-
talcite (Mg4Al,07:10 H0), Si-katoite Ca3Al,(SiO4)1(OH) also denoted
(AD)Si-HG, calcite (CaCOs3), gypsum (CaS04:2 H»0), anhydrite (CaSO4),
arcanite Ko(SOj4), Fe(element), goethite (FEOOH), magnetite (Fe3O4),
(Fe)Si—HG (Ca3Fe2(Si04)0,84(OH)3,64) and (Fe,Al)Si—HG (CagAlFe
(5104)0.84(OH)g 64)-

2.7.3. Modelling grid and diffusive transport parameters

As shown in Fig. 3, the simulation grid considered a 2D in cylindrical
(axis symmetric) coordinates based on the real dimensions and volumes
of the reactor compartments of the EXP 1-R. In addition to 2D profiles,
time evolution profiles were plotted in the reactor reservoir (P1), at the
steel/solution interface (P2) and at the steel/cement interface (P3).

Table 4 gives the values of the effective diffusion coefficients that
have been used to model the diffusive transport of soluble element
occurring through the different components of the reactor at 80°C. The
D, coefficient associated to a similar Val d’Azergues CEM I hydrated
paste was measured as 6x10" 12 rnz/s at 20 °C [29]. The mean D, co-
efficient of dissolved species in aqueous solution is around 1 x 10" m?/s
at 20 °C and 3x10~° m?/s at 80 °C. The D, value inside the hydrated
cement paste was estimated to be increased by a factor 5 while the
temperature rose to 80°C, based on a previous study performed on a
similar cement at 70°C [29]. For the sake of simplicity, the porosity
evolution with time and temperature was not considered. The porosities
of the CEM I hydrated paste and the solution were thus set to 0.35 and 1,
respectively. Table 4 also provides for the D, coefficients considered for
the external raw of grid nodes corresponding to the surface of the steel
rod in contact with the reactor solution and the CEM I paste. All the
other inner grid nodes of the steel rod were never reactive in the
modelling. The diffusive transfer at the steel/solution interface was fixed
to the D, value in the reactor reservoir (3 x 10~°m?/s) in all calculations.
A sensitivity analysis was performed for steel/cement interface. The
base case considered the same high D, value as assumed for the steel/-
solution, which corresponded to an open gap between the cement paste
and the steel carbon steel rod. The D, coefficient was then decreased to
be identical to those of the hydrated CEM I paste, which stood for an
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Fig. 3. Modelling grid in 2D-cylindrical geometry of the reactor in EXP 1-R;
time evolution profiles were plotted in the reactor reservoir (P1), the steel/
solution interface (P2), the steel/cement interface (P3) and the cement/solution
interface (P4).

almost perfect contact between the steel rod surface and the hydrated
cement. Eventually, the D, value at the steel/cement was even further
decreased to determine the De value under which one only forms
magnetite (discussed in Section 3.2.5). This simplified REV approach of
the diffusive mass transfer was found to be useful to make distinctions
between the different impacts that closed and open conditions may
generate on corrosion mechanisms as discussed in Section 4.1.3. In this
study, the closed conditions would correspond to a perfect contact be-
tween steel and cement, with only cement porewater solution at contact
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Table 4
Effective diffusion coefficients considered in the reactive transport modelling.

Material Effective diffusion coefficient D, at 80°C
Reactor reservoir 3x107° m?%/s

Hydrated cement paste HCP 3x107 1

Steel/solution interface 3x107°

Steel/cement interface

Base case 3x1071°

HCP D, 3x10°!!

Minimal low D, 3x10713

with the cement steel interface whereas open state conditions corre-
spond to an imperfect contact between steel and cement (e.g., fractures
or imperfect encasing of the steel liner materialised by a gap filled with
CEM I reservoir solution).

3. Results
3.1. Evolution of HCP mineralogy and solution chemistry

3.1.1. Initial modelled mineralogy and evolution with time and temperature

The modelling of the hydrated cement paste (HCP) initial mineralogy
at 20 and 80°C was made at thermodynamic equilibrium based on the
bulk composition of Table 1. Full hydration of all the initial cement
phases was assumed. At 20°C, the calculated mineralogy of Table 5 is in
good agreement with the data presented in Section 2.1.2. The main
difference is that a small fraction of unreacted cement phases is still
present in the real sample. Furthermore, hemicarboaluminate is absent
in the model and the measured portlandite content is slightly lower than
the calculated one, due to incomplete reaction of anhydrous cement
phases in the samples.

The modelled evolution of the mineralogy was calculated for the
specific geometry of EXP 1-R, whereas experimental information on the
evolution of the mineralogy were obtained principally from EXP 2-C.
However, only qualitative mineralogical evolutions are presented in
this study and only used to confirm the principal trends of the modelled
mineralogical evolution.

When the modelled temperatures increase up to 80°C, all mono-
carboaluminate and a fraction of ettringite dissolves to form calcite and
(ADSi-HG. Such transformation of monocarboaluminate to calcite is in
agreement with the modelling results from the literature [38] but there
is usually also a conversion of ettringite to monosulfoaluminate after
60°C [38]. The fact that (Al)Si-HG stabilizes ettringite in the specific
case of the Val d’Azergues cement has already been discussed by Lalan
et al. (2016) [28]. The same study has also demonstrated that ettringite
fully dissolves in the model if one considers the pure Al-HG (CasA-
15[(OH)4]3) named katoite instead of (Al)Si-HG in the calculated mineral
assemblage [28]. The stability of these phases is related to the Al/ SOF
in the modelled system and their stability constants. The formation of
monosulfoaluminate is favoured when less Al is taken up by the
hydrogarnet phases and hindered by the removal of SO%". XRD spectra of

Table 5
Modelling of the initial mineralogy of the hydrated CEM I paste at 20°C and after
a temperature increase to 80°C.

Mineral 20°C 80°C

[mol/L of cement paste]

Portlandite 6.43 6.66

C-S-H 1.6 2.34 / 4.68® 2.21 / 4.42®
Ettringite 0.13 0.07®
Monocarboaluminate 0.12 -

(ADSi-HG 0.12 0.27

Calcite 0.25 0.37
Hydrotalcite 0.05 0.05

(a) Normalized to 1 Si (Thermoddem considers 2 Si in the CSH formulae); (b)
Ettringite dissolves in the HCP within 1 month (see Section 3.1.1).
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Fig. SI-1 indicates that most of the monocarboaluminate and all the
ettringite present at the surface of the disks of EXP 2-C fully dissolved
after 28 days at 80°C. The reactive transport model shows a progressive
and complete dissolution of ettringite within one month (Fig. 4-a, b),
leading to a concomitant increase of both (Al)Si-HG (Fig. 4-c) and por-
tlandite (Fig. 4-d) content. The dissolution pattern progresses from the
most external zones in direct contact with the reactor reservoir towards
the core of the hydrated cement paste. There is no formation of mono-
sulfoaluminate, partly due to the formation of (Al)Si-HG, and partly due
to the dilution of the SOZ concentration caused by diffusion into the
reactor reservoir. The neoformation of portlandite is due to the release of
Ca?" induced by ettringite destabilisation, but also due to the high pH
(thus high OH- ions content) condition imposed by the CEM I reservoir
solution. Indeed, precipitation of portlandite was also observed at the
surface of the cement paste in EXP 2-C and in the gap between cement
paste and steel in EXP 1-R (Section 3.2.3).

The model did not capture other observed mineralogical evolution.
The formation of arcanite at the surface of the cement disks was
observed in EXP 2-C after 300 days of immersion (Fig. SI-1). EDX
mapping performed on EXP 1-R cement cylinder after 350 days of
interaction allow to clearly identify the dissolution of cement hydrates
as well as the K enrichment occurring at the cement/CEM I reservoir
solution interface (Fig. SI-2). Arcanite never precipitated in the model of
the reactor at 80°C. The employed truncated Davies activity model may
be inappropriate for more soluble minerals like arcanite but suitable for
predicting the less soluble cement hydrate phases. Moreover, the very
local dissolution was not significant in the model beside the full disso-
lution of the SO4-cement phase (it would have required a strong
refinement of the grid by setting a much smaller node size).

3.1.2. Evolution of solution chemistry with temperature and time

Table 6 gives the calculated initial chemistry of the hydrated cement
paste porewater at 20 and 80°C. Sorption of K™, Na* and SO on C-S-H
was not considered in this modelling. At 20°C, the chemistry is typical of
a young CEM I porewater with a very high pH (>13.5) that is mainly
counterbalanced by Na* and K at a total concentration around 107!
mol/L. By comparison, the total concentrations of Ca®*, H4SiO4 and AI>*
are relatively low, around 10~* mol/L. The increase of temperature to
80 °C induces a decrease of the pH to 11.6 mainly due to the increase of
the water dissociation product K, with temperature. There is a signifi-
cant increase of the SOF concentration around 10~ mol/L by two orders
of magnitude, whereas the total concentrations of Ca>" and AI** slightly
increase by about a factor 3. The total concentration of Si remains
constant.

Fig. 5 shows the evolution with time of the chemistry of the synthetic
water that was measured during EXP 1-R and modelled at 80°C. It is
worth noting that the EXP 1-R PTFE reactor is “an open system” in the
sense that the concentrations measured in the reservoir solution results
from the diffusion, and thus dilution, of the porewater inside the
reservoir solution and is not necessarily equal to the chemistry of the
porewater contained in the porosity of CEM I material. As a matter of
fact, the K" and Na™ concentrations as well as pH in the reservoir so-
lution were initially fixed to a high value that globally maintained the
system under high alkaline chemical conditions.

Overall, there is a good to fair agreement of the model with the so-
lution chemistry. The pH does not vary significantly over time (Fig. 5-a)
in the model, whereas it slightly raised after 200 days in the experiment.
It should be noted that the uncertainty of the measured pH data at such
high pH and high temperature can be higher. Therefore, the modelled
value is probably more indicative and is globally 0.3 unit lower than the
measured one. The initial concentration in K*, Na™ and Cl” were fitted
on the experimental releases. They are close to the values found by Lalan
et al. [28]. The modelled progressive increase of SO%’ and Ca®t con-
centration reasonably simulates the experimental data (Fig. 5-b,c). Such
evolution is due to the progressive ettringite dissolution and diffusion of
these elements towards the reactor reservoir. Sulphate concentration is,
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(a) Initial — ettringite content (b) after 15 days — ettringite content
Conc [mol/L_PM] Conc [mol/L_PM]
0.052 0.07 0.052 0.07
0.056 0.056
0.042 0.042 0.042; 0.042
0.028 0.028
0.031 0.014 0.031 0.014
H [m] . H[m] 0
0.021 0.021
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R [m] R [m]
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Fig. 4. Modelling of the dissolution of ettringite leading to a secondary precipitation of (Al)Si-HG and portlandite at 80°C.
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Table 6
Modelling of the initial porewater chemistry of the hydrated CEM I paste at 20°C
and after a temperature increase to 80°C.

Total concentration 20°C 80°C
[mol/L]

pH 13.6 11.6
Ionic strength 0.43 0.43

K"+ 3.5x107! 3.5x107
Na© 1.0x107! 1.0x107!
Ca?* 8.0x107* 2.2x1073
Mg?+ 3x1071° 5x107°
AR 1.8x107* 4.2x107*
H,4Si04 6x107° 4x107°
HCO3 1x107° 7%x107°
ar 5.0x1072 5.0x1072
S0% 1.2x1073 1.2x107!

nevertheless, moderately over-estimated by the model by factor a little
bit less than 2. About half of the SOF anions can be sorbed onto the
C-S-H phases in reality [39], process that was not included in the present
modelling. The silica dissolved concentration is also well captured by
the model although the modelling did not introduce any silica in the
initial reservoir solution. The calculated CO%’ concentration is lower
than the measured one by a factor 5 (Fig. 5-c). As the measured car-
bonate concentration tends to decrease with time, it may be due to a
kinetic retardation of calcite precipitation whereas the model readily
considers equilibrium with calcite. The model correctly predicts a low Al
total concentration compared to the other elements, but the modelled
concentration is higher than the experimental data by a factor 5
(Fig. 5-b). In the model Al is mostly controlled by the (Al)Si-HG solu-
bility whereas Al may be also constrained by other phases in the real
system (e.g., Al in C-(A)-S-H). It is worth mentioning that the formation
of (Fe,AD)Si-HG in the modelling presented in Section 3.2.5 does not
change the calculated Al concentration in the solution but that,
inversely, the overestimation of Al concentration may have favoured the
formation of (Fe,Al)Si-HG versus (Fe)Si-HG. Eventually, Mg concentra-
tions are very low (outside the lower limits of the graphs), both in the
experiment and the modelling.

3.2. Corrosion of steel

3.2.1. General aspect

Fig. 6 shows macroscopic features of the corrosion for some selected
samples coming from both EXP 2-C and EXP 1-R. In EXP 2-C, all the
retrieved coupons presented a uniform layer of adhering white crystals
covering the whole surface of the coupons, as can be seen in Fig. 6-a, for
a sample corroded for 93 days. In EXP 1-R, such whitish layer was also
generally observed, but unequally distributed along the steel rod. Larger
amounts of whitish crystal were observed in the vicinity of the cement
plug, as can be seen in Fig. 6- b and indicated by the arrow, for a sample
corroded for 28 days. Generally, dried samples coming from EXP 1-R
also presented iridescent reflects as shown by the arrow, as can be
seen in Fig. 6- c. As corrosion products are generally opaque, this
observation indicates the precipitation of a very thin layer of corrosion
products at the surface of the rods. Moreover, some fractured samples
coming from EXP 1-R evidenced the presence of a white/translucent non
adhering crystal layer at the surface of steel that was in contact with HCP
as also shown by the arrow. These plate-like crystals were also observed
at the bottom of the reactors. They were identified as portlandite later in
the manuscript (Section 3.2.3)

3.2.2. Chemical and structural characterization of the corrosion products in
function of time

Fig. 7 shows XRD patterns collected at the surface of two steel cou-
pons coming from EXP 2-C. After 28 days of interaction, the XRD pattern
revealed the formation of a phase belonging to the hydrogarnet group at
the surface of the coupon. The peaks were correctly indexed using the
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Fig. 5. Modelling of the change with time of the chemical composition in the
reactor reservoir at 80°C; the experimental data are given as symbols. (a)
Measured and modelled pH, (b) measured and modelled total aqueous con-
centrations in cations and (c) measured and modelled total aqueous concen-
trations in anions.

COD 1524032 corresponding to the CasAl; gosFep.904Si2.823012Ho 708
formula. After 300 days of interaction, the relative intensity of the peaks
corresponding to (Fe,Al)Si-HG compared to (110) reflection of iron
increased, signifying the growth of this phase with time. Reflections
corresponding to portlandite were also identified at the surface of the
coupon.

To gain information on the microstructure and composition of this
phase, SEM-EDX analyses were conducted on a EXP 2-C coupon
corroded for 28 days (Fig. 8). The SEM-SE (secondary electrons) pictures
revealed the presence of rounded shaped crystals covering almost
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Fig. 6. Pictures of corroded samples coming from (a) EXP 2-C after 93 days of interaction and from (b) EXP 1-R after 28 days and (c) 254 days of interaction showing

both steel/solution interface and (d) steel-cement interface.

Fe :lron
Hg : (Fe,Al)Si-Hydrogarnet

Pt : Portlandite
*: Sample holder
Fe
Pt *
3 |
\(‘i Hi ! Hg * ‘
= 9 Pt
3 Hg }1 ’ P \ 300 days
9 | Hg Pt
= ﬁuw.l»/ A b U by ySS/LE.J\J
\J\‘ }
T— | \ 28 days
e 1
M‘LL‘_, \k_&;/&/“‘
T T T T T T T T T 1

26° Cu Ka

Fig. 7. XRD patterns of the surface of the metallic coupons coming from EXP 2-
C after 28 and 300 days of interaction.

entirely the surface of the coupon. The composition of this phase is re-
ported in Fig. 8-b and the corresponding formula, considering only
major elements, would be Cag sFe; 25Alg 8Si04.6(OH)7 43 normalizing
the atomic proportion to 12 oxygens which correspond to garnet for-
mulas. Such formula is very close to (Fe,Al)Si-HG formed in old mortars
([31]). Moreover, low amount of S (= 1 %) was detected in this phase, as
already observed by Kyritsis & al, 2009 [40] and by Passaglia et Rinaldi,
1984 in the Al pure end member Si-katoite [41]. The presence of KCl
grains was also depicted at the surface of the coupon in a relatively low
amount.

3.2.3. Effect of direct contact vs spatial heterogeneity

In EXP 1-R, SEM-EDX observations also revealed the formation of Ca,
Si, Fe, Al, O containing phase on the metallic surface in contact with
both the reservoir solution (location P2 in Fig. 3) and the CEM I plug
(location P3 in Fig. 3) from 14 to 350 days. As an example, SEM-EDX
mappings of the two interfaces P2 and P3 at 350 days are presented in
Fig. 9. Due to the low thickness and density of the CPs (corrosion
products) layer formed during the experiment, meaningful EDX analyses

of the cross sectioned samples were only obtained for the sample
immersed for 350 days in the reservoir solution.

The Si/Ca vs (Al+Fe)/Ca ratios of the corrosion product layer
observed at 350 days for EXP 1-R samples at the steel/solution interface
(P2) and steel/cement interface (P3) are presented in Fig. 10-a and
compared with the same ratio of the (Fe,Al)Si-HG phase observed at the
surface of the coupon in EXP 2-C at 28 days. The relatively low dis-
crepancies between the chemical compositions of the corrosion products
observed in EXP 1-R and EXP 2-C suggest that (Fe,Al)Si-HG also formed
in EXP 1-R at both interfaces P2 and P3. The Si/Ca vs Al/Fe ratios of the
same samples are also shown in Fig. 10-b. These ratios vary significantly
at the two different interfaces P2 and P3, with higher amount of Al at P3.
This difference can be explained (i) by the progressive consumption of Al
into (Fe,Al)Si-HG along the steel rod from the bottom to the top of the
reservoir, but also (ii) by the difference in the Al concentration between
P2 and P3 interface. Indeed, a small volume of reservoir solution filled
the gap between the steel and the cement interface (interface P3) due to
the HCP shrinkage after hydration. In this small volume, the Al con-
centration was probably much higher than the concentration of the
reservoir solution. The fact that the HCP surface is not strongly leached
at the interface with steel (interface P3) (Fig. 9) compared to the
interface with reservoir solution (interface P4) (Fig. SI-2) indicates that
exchange and renew of the solution was limited in this gap. The Al/Fe
ratio of the (Fe,Al)Si-HG coming from EXP 2-C (28 days) is comparable
to the one associated to the (Fe,Al)Si-HG phase observed at interface P3.
This is to link with the difference in Al concentration of the reservoir
solution in EXP 1-R (e.g., 3.7 x 107° mol/L at 224 and 350 days) and EXP
2-C(e.g.,2.04 x 10~* mol/L at 300 days) for a given time of interaction).

Fig. 11 shows that, despite the fact that iron migration was very
limited in HCP due to its rapid consumption to form (Fe,Al)Si-HG at the
steel/cement interface, transformation of the surrounding HCP medium
could be locally observed. From the steel to the cement, the transformed
HCP medium is first enriched in Fe and O and then enriched in Ca, Si, Al,
S, Fe and O. This result suggest that an initial layer of Fe hydr(oxide)
transformed into (Fe,Al)Si-HG. Such transformation involved diffusing
elements from the HCP porewater solution. It should be noted that the
presence of iron (hydr)oxides was observed in very rare occasions and
sporadically at the interface P3. Such iron (hydr)oxides were probably
formed in the early stage of the experiment and even during the sample
preparation.

Finally, a great amount of large plate-like crystals of portlandite
precipitated in this gap, as confirmed by Ca and O mappings (Fig. 9) and
as observed macroscopically (Fig. 6-d).
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Fig. 8. (a) SEM-BSE picture of the surface of the coupon immersed for 28 days in the CEM I reservoir solution (EXP 2-C) along with (b) EDX spectra of the principal
corrosion products and (c) precipitates observed. The given chemical composition of (Fe,Al)Si-HG corresponds to the mean of seven analyses.

P2 interface - steel/solution

P3 interface - steel/cement

Fig. 9. SEM-EDX mapping of the interface between carbon steel mill scale layer and the two different interfaces P2 (steel/solution) and P3 (steel/cement) (EXP 1-R)

after 350 days of interaction. Cps =corrosion products, Port.= portlandite.
3.2.4. Corrosion rates

3.2.4.1. Generalized corrosion rates from EXP 2-C. Fig. 12 shows the
evolution of the corrosion rate with time, obtained by weight loss
measurement for EXP 2-C carbon steel samples. As expected, the
corrosion rate dropped with time and the decrease can be approximately
described with an exponential decay law, as generally observed in ex-
periments conducted in similar conditions (e.g., [14]). However, the
predicted long term corrosion rates are quite high (approximately

10

0.3 um/y) and 2 orders of magnitude higher than those observed in the
latter 6 years long experiments where corrosion rate were derived from
hydrogen pressure measurements (e.g.; [14]). It should be noted that
mass loss measurements provide results with relatively high discrep-
ancies (=10 % relative error on three different coupons for the present
experiment) and that more adapted technics to measure very low
corrosion rate (e.g., [19]) would have been more suitable to determine
more precisely the residual corrosion rates.
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Fig. 10. Comparison of the (a) (Al+Fe)/Ca vs Si/Ca and (b) Al/Fe vs Si/Ca ratio evolution of the corrosion product with time at the direct contact with cement (P3)
and at direct contact with the reservoir solution (P2) for EXP 1-R. Similar ratios were also measured on CPs coming from EXP 2-C, formed in direct contact

with solution.
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Fig. 11. SEM-EDX mapping of the interface between carbon steel (180 grit ground surface) and cement after 93 days of interaction. CPs = corrosion products, TM =
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Fig. 12. Corrosion rates measured by weight loss measurements on EXP 2-C
carbon steel samples and fitting of the data with an exponential decay law.

3.2.4.2. Effect of the mill-scale layer. In EXP 1-R, different types of initial
steel surface conditions (i.e., presence of mill-scale layer, rough or pol-
ished surface) were exposed to the synthetic cementitious solution in
order to assess the role of the metallic surface nature on the corrosion

11

rates. In particular, the tube utilized for the BACUCE in situ and mock-up
experiments presented a microstructurally heterogeneous mill-scale
layer more representative of the surface of steel casing that would be
involved in deep geological repository than the well-prepared coupon
following ASTM method. It was not possible to measure corrosion
damage on such surfaces, due to the relatively low corrosion rates ob-
tained in this environment. However, as (Fe,Al)Si-HG was found to be
the unique corrosion product that formed, it was possible to follow the
formation of this phase with time through SEM mappings. For that
purpose, calcium was used as a marker because of its relatively high
content in (Fe,Al)Si-HG and its absence in the steel composition, in the
mill-scale layer and in the polishing grains (SiC) that could be trapped in
the porous area of these layers. However, as portlandite could have also
precipitated at the surface of the steel layers, care was taken to select
area without portlandite grains, and the nature of the CP (corrosion
product) layer was controlled by the overlapping of Ca, Si and Al EDX
maps. The maps were collected using similar acquisition time to further
compare them to each other. Moreover, the thin section which was
observed and analysed was located at approximately the same distance
from the cement plug for all sampling time to limit the spatial impact of
such measurement. Indeed, the distribution of the CPs is not uniform
spatially, but a propagation front of CPs is rather observed from the
cement plug to the upper part of the steel rod (see Fig. 6b). Fig. 13-a
present the evolution of the Ca maps of mill scale layers exposed to the
synthetic cementitious solution with time. A careful observation of these
mappings revealed that the (Fe,Al)Si-HG layers rather densify with time
than increase in thickness (i.e., the signal intensity increase but the
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Fig. 13. (a) Ca SEM-EDX mapping of the interface between carbon steel mill scale layer and solution for EXP 1-R in function of time along with (b) the relative

density of the (Fe,AD)Si-HG layer.

thickness of the marked zone is stable). In order to derive qualitative
results from these observations, the relative density of these (Fe,Al)Si-
HG layer was determined by grey level analyses using ImageJ ®. In
practice, the percent of pixels corresponding to the (Fe,Al)Si-HG layer,
normalized by the length were plotted vs time (Fig. 13-b). The dispersion
on the results were obtained by the analyses of two different areas per
sample and using two different magnifications (x200 and x500). This
figure shows that the relative density rapidly increased with time until
reaching a plateau, indicating that further formation of (Fe,Al)Si-HG
was hindered by the precipitation of a dense diffusive barrier of (Fe,Al)
Si-HG on the carbon steel surface able to clog the heterogeneities of the
mill-scale surfaces.

3.2.5. Modelling of the corrosion process

The modelling of the initial mineralogy and solution chemistry when
the temperature increases from 20 to 80 °C, and their evolution over one
year in the “open” reactor system was developed in Section 3.1.2. The
present section goes a step further by including steel corrosion in the
model. Steel was modelled as a pure metallic Fe(0) phase, denoted Fe
(element) in the TMD database under kinetic-control with a selected
constant corrosion rate of 1 pm/y consistent with the experimental
values measured within the first six months of interaction.

Fig. 14-a shows the 2D-profiles of the formation of the corrosion
products after 6 months for the base case detailed in Table 4. The anoxic
corrosion process liberates Fe ions in solution at both the steel/cement
and steel/solution interfaces. It also liberates Hy that leads to a steady-
state value of the redox potential Eh around —580 mV (vs. SHE) at pH
12. In parallel the chemistry of the reactor reservoir is almost constant
after 1 month, especially the stock of dissolved Al, Si and Ca brought by
cement phase dissolution (Fig. 5). In the base case (highest D, at the
steel/cement interface), (Fe,Al)Si-HG is the only corrosion products
depicted over the whole surface of the steel rod. (Fe)Si-HG as well as
magnetite precipitation is never predicted, either at P2 or P3. However,
the overestimation of Al concentration in the model (Fig. 5) could have
favoured the formation of (Fe,Al)Si-HG versus (Fe)Si-HG. Note that in
time, the incorporation of Al in another phase like C-(A)-S-H can lead to
a decrease of the dissolved Al. The relatively high diffusion coefficient at
the steel/cement interface (gap) increases the diffusive flux of Ca and Si
from the reservoir solution, but also from the cement itself, feeding the
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formation of (Fe,Al)Si-HG. When the D, value at the steel/interface is
equal to the one associated to HCP, the lower diffusive transfer at the
steel/interface (moderately) enhances the proportion of magnetite at
P3, even if (Fe,Al)Si-HG is still the main corrosion product (Fig. 14-c and
d). Again, (Fe)Si-HG is not predicted to precipitate. Such low D, value
implies that the elements forming (Fe,Al)Si-HG mainly diffuse from the
HCP porewater directly close to the steel, and not from the reservoir
solution. It is worth mentioning that in an intermediate case between
high and low HCP D, magnetite that was first formed at P3 progres-
sively redissolves (Fig. 14-c) to form an additional amount of (Fe,Al)Si-
HG (Fig. 14-d). The case in which magnetite becomes the main corrosion
product at the steel/cement interface requires to decrease the D, value to
3x107 '3 m?/s at such interface (Table 4). This value is significantly
lower than the D, coefficient estimated in the present cement paste at
80°C (3x10~! m?/s), and still moderately below D, coefficients (about
10712 m?/s) measured in concretes at ambient temperature [42]. On the
contrary, 3x107'® m?/s is much higher than the D, values assumed for
diffusion though the magnetite corrosion layer (from 107> m?/s to
1071 m?%/s) [43]. Therefore, this sensitivity case can also be seen as
representative of the beginning of the formation of a diffusive barrier
made of magnetite that hinders diffusive transfer. Fig. 15 illustrates the
difference of total Si concentrations along the steel/cement interface
that decreases from more than 10> mol/L (highest D) to 10~° mol/L
(lowest Dg). In the latter case, the silica concentration is too low at the
steel/cement interface as to promote (Fe,Al)Si-HG formation along this
latter.

4. Discussion

4.1. The combined effect of temperature, pH, Eh and chemistry on (Fe,Al)
Si-HG precipitation

4.1.1. Effect of temperature

Temperature impacts the kinetics of the corrosion processes,
including the corrosion rate and the kinetics of electrochemical re-
actions. Those aspects were not developed in this study based on ther-
modynamic equilibrium models, although kinetics can have a significant
effect on (Fe,Al)Si-HG formation. Nevertheless, temperature can be
considered as a direct and indirect parameter influencing the formation
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Fig. 14. Modelling of the formation of corrosion products after 180 days at 80°C due to steel anoxic corrosion at a constant rate of 1 pm/y according to a sensitivity

analysis on the diffusion coefficient along the steel/cement interface (P3 in Fig. 3).

of (Fe,Al)Si-HG. The principal and direct impact of temperature is of
kinetical order. Indeed, (Fe,Al)Si-HG is generally synthetized at a tem-
perature between 80 and 450°C ([37,40,44]). In Portland cement, the
formation of (Fe,Al)Si-HG is scarce ([30,45]), but it is enhanced with
time ([31,46]) and/or at elevated temperature [38,47-50]). Anecdot-
ally, it can also form rapidly in specific cements at lower temperature, as
in Portland cement with an excess of C4AF ([28]) or with an excess of Fe
(OH)s ([51,52]).

In addition to the kinetics of precipitation, several other impacts
induced by temperature that promote the formation of (Fe,Al)Si-HG can
be considered. The first one is linked to the thermodynamics of the pH/
Eh stability domain of CPs that is dependent of temperature. Fig. 16
shows the Pourbaix diagrams calculated at 25 and 80°C for the simpli-
fied Fe — O — Ca — Al - Si system. The thermodynamic stability domain of
(Fe,AD)Si-HG expands at 80°C along both the pH and Eh axis, at the cost
of the goethite and magnetite domains.
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Higher temperature usually favours a higher degree of hydration of
the cement clinker phases and promote the dissolution of cementitious
hydrates, such as ettringite. This indirect effect of temperature that leads
to ettringite dissolution induces the release of Ca, Si, and Al into the
system and thus enhances the formation of (Fe,Al)Si-HG. The last indi-
rect impact of temperature increase that can be considered is associated
to the modification of the cementitious assemblage microstructure that
can increase the diffusion of the dissolved elements from the cement
toward the interface to interact with steel (e.g., [53]). Such diffusive
properties are essential, especially for long term corrosion processes.

4.1.2. Effect of pH

Hydrous garnet phases are commonly stable in high pH alkali and
alkaline earth rich systems at ambient and hydrothermal conditions
([37,40,41,54-56]). At later stages of cement evolution after leaching of
the alkalis, the pH of the cement solution is set by the equilibrium of



J. Goethals et al.

a)
Conc [mol/L]
0.052. 0.0001
A
0.042.
1e-05
0.031
H [m] 1e-06
0.021
0.01
0 0.0067 .013
R [m]

Corrosion Science 237 (2024) 112318

b)

Conc [mol/L]

0.052, 0.0001
0.042:
1e-05
0.031
H[m] 1e-06
0.021
0.01
0 0.0067 .013
R [m]

Fig. 15. Modelling of the dissolved silica total concentration according to the sensitivity analysis on the diffusion coefficient along the steel/cement interface at 180

days with (a) base case and (b) low De case.
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Fig. 16. Pourbaix diagrams of the Fe — O — Ca — Al - Si system calculated with CHESS at (a) 25°C and (b) 80°C; activity Fe>" = 1075, activity Ca®* = 1073, activity Al

(OH); = 5x107°, total H4SiO4 = 10™%.

portlandite and C-S-H phases at high values. As shown in Fig. 16, iron
(oxi)hydroxides and iron phyllo silicates are predicted to be stable
instead of (Fe,Al)Si-HG at lower pH values. Such conditions would be
found in low pH cements or at clay/steel interfaces. Experimental evi-
dences of the formation of magnetite and iron (II) containing phyllosi-
licates are reported for both systems (e.g., [27,57], respectively).
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4.1.3. Effect of composition and competition of (Fe,ADSi-HG with other
cementitious phases

Si-free katoite (C3AHg) is a major phase in aluminate cement [58]
but Si-free C3FHg is known to be thermodynamically unstable in Port-
land cement due to the presence of silica [37]. Indeed Si can stabilize the
hydrogarnet structure for a wide range of cement compositions and
temperatures from 5 and 85°C [59]. (Al, Fe)-monosulfate, (Al,
Fe)-ettringite solid solutions, Fe-monocarbonate, and hemicarbonate
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phases are stable in the absence of silica [37,60,61]. Thus, formation of
hydrogarnet in Portland cement requires the presence of Ca, Al and/or
Fe as well as Si in the solution. Section 3.2.5 and Fig. 15 indicated that (i)
the dissolved silica concentration brought by cement phase dissolution
can have a significant impact on the corrosion products of steel, and (ii)
that (Fe,Al)Si-HG can form at relatively low silica concentrations (10’6 -
107> mol/L), controlled by the equilibrium with high Ca/Si C-S-H. On
the contrary, Fig. 17 shows that the Ca?" concentration has been rela-
tively high to favour (Fe,Al)Si-HG against other corrosion products.
Ca2" concentration in the CEM I porewater is controlled by portlandite
equilibrium and, therefore, should be low when the pH is high as for the
present conditions. However, as the temperature increased to 80°C, it
favoured the dissolution of ettringite that induced an increase in Ca2*
ions concentration (Table 6) that could be further used to form (Fe,Al)
Si-HG.

Competition between C-(A)-S-H and (Fe,Al)Si-HG formation is also
of importance in such system. Fig. SI-3 shows the speciation diagrams of
the Fe — O — Ca - Si system including C-S-H and (Fe)Si-HG as a function of
pH and of the activity of Si and Fe at 25 and 80°C. Those diagrams
mostly indicate that temperature always enhances the formation of FeSi-
HG instead of C-S-H phase. Similar results were obtained for the Ca-Si-
Al-Fe-O system, where C-S-H were replaced by C-A-S-H/straetlingite
and (Fe)Si-HG by (Fe,Al)Si-HG. With respect to the competition for
dissolved Fe, C-S-H phases can sorb and/or incorporate Fe>*, and to a
lesser extent Fe2+, independently of their Ca/Si ratio [62,63]. Siramont
et al. [51] studied at ambient temperature the fate of iron in a Ca-Si--
Fe-H,0 system for different pH and for iron concentrations between 1
and 4 mmol/L. Results showed that for pH>11, most of the dissolved Fe
ions are used initially to form ferrihydrite phase, that would then be
transformed into FeSi-HG, whereas only merely 3 % of the Fe content
goes in the C-S-H phase.

4.1.4. Redox conditions

The redox conditions may also play a role on the nature of the
corrosion products since (Fe,A)Si-HG is a pure Fe>" phase whereas
magnetite is a mixed Fe?>-Fe3" phase. In the corrosion mechanism
proposed by Pally et al. [26], prior to the formation of (Fe,Al)Si-HG, Fe®
is oxidized to Fe(OH), that further evolves to magnetite according to the

Schikorr reaction:
Fe + 2 H20 - Fe(OH)2 +Hy 1t (3a)
3 Fe(OH)y—~ Fe504 + Hat + 2H,0 (3b)

Both reactions produce Hj; that can impose strongly reducing
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conditions in the system. Fig. 17 shows that strongly reducing conditions
may favour magnetite against (Fe,A)Si-HG, provided that Ca®" con-
centration is sufficiently low. In complement, Fig. 16 would indicate
that magnetite formation due to very low reducing condition would be
more likely at 25°C than 80°C even for pH value >11. Moreover,
oxidation of iron to Fe®' to form (Fe,AD)Si-HG is thermodynamically
favoured in reduced alkaline (OH- rich) cementitious systems with
increasing temperature either because the oxygen present in “OH-“ is
sufficient to promote oxidation (even in reducing conditions) or because
of the higher stability of Fe>" vs Fe2* phase (i.e., (Fe,Al)Si-HG) due to
their thermodynamic properties.

4.1.5. Open vs closed diffusive system

Among the corrosion studies of carbon-steel in cementitious medium
at elevated temperature and in anoxic conditions, only one study re-
ported the formation of (Fe,Al)Si-HG as a corrosion product [26]. In this
study, the carbon steel coupon was separated from the cementitious
material by a large volume of young cement reservoir solution. Such
experimental set-up can be qualified as an open system compared to
more tightly closed system as steel embedded in HCP buffer in which
diffusion is low. In the present study, the steel rod in direct contact with
the reservoir solution can be assimilated to an open system whereas the
embedded part can be assimilated to a closed system (depending upon
the tightness of the interface).

The question of closed versus open conditions is of interest for the
strongly local reducing condition discussed in the previous section since
a perfectly tight system prevents any Hy migration outside the system.
The question is also linked to the ingress of elements favouring the
formation of (Fe,Al)Si-HG that is controlled by diffusion from both the
reservoir solution and the porewater of HCP in direct contact to the steel
rod. The simplified modelling of Section 3.2.5 would demonstrate that
the more the system is open, the more (Fe,Al)Si-HG is favoured and, on
the contrary, the more the system is closed, the more magnetite is fav-
oured. This modelling also indicates that diffusion process could in-
crease the flux of Ca, Al and Si dissolved ions coming from both the
reservoir solution and the porewater of the cement matrix located close
to the interface. From an experimental point of view, the formation of
(Fe,Al)Si-HG by reaction of iron corrosion products with Si, Ca, Al
diffusing from the porewater of the HCP is highly likely (Fig. 11). It is
probable that reactive Fe>" iron corrosion products had first formed
during the cement sub-oxic cement curing phase and then further
reacted to form (Fe,Al)Si-HG, but this phenomenon was certainly very
limited due to the controlled conditions of the present experiment.
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Fig. 17. Simplified Pourbaix diagrams of the (a) Fe — O — Ca - Si system (b) and Fe — O — Ca — Al - Si system calculated with CHESS at 80°C with a sensitivity analysis
on the Ca®* activity fixed at 5x107° (blue lines) or 5x10~°% (red lines); activity Fe?t = 10’6, activity AI(OH)y = 5x107°, total H4Si04 = 107*
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Therefore, formation of (Fe,Al)Si-HG from the initial mill-scale layer of
the steel elements in the real disposal conditions cannot be discarded.
Within these lines, the redissolution of magnetite to form (Fe,Al)Si-HG is
modelled in one of the sensitivity cases (Fig. 14-c and d).

4.2. Diffusive barrier effect of the CP layer

In the experiment conducted by Pally et al. (2020) [26], magnetite
was observed in the innermost part of the corrosion layer. Formation of
nanometric dense layers of magnetite is known to create a passivation
film that inhibits the corrosion of steel. The analytical methods used in
the present study were not adapted to characterize nanometric layers of
oxide, but macroscopic observations suggest that a magnetite layer was
formed on the upper parts of the steel rod, where (Fe,Al)Si-HG was not
observed. If such magnetite film was also formed in the lower part of the
steel rod (i.e., where (Fe,Al)Si-HG was observed), it could then have
been destabilized by the presence of other elements coming from the
cement to form (Fe,Al)Si-HG.

In the present mock-up tests, formation of (Fe,Al)Si-HG was observed
in the first days of the experiment. As previously discussed, the corrosion
product layer of (Fe,Al)Si-HG became denser with time and behaved as
diffusive barrier that inhibited corrosion mechanism. Consequently, the
corrosion rate progressively dropped to values lower than 1 pm/year
within less than 100 days of interaction.

Interestingly, some other authors evidenced that Si can play a role in
the decrease of corrosion rate of steel in alkaline portlandite saturated
solution and anoxic conditions ([11,64,65]). These studies shown that
glass cell had an influence on the decrease of the corrosion rate of steel,
but neither the Si concentration in solution, nor the nature of the
corrosion product were discussed. Silica can sorb in iron oxide/hydr-
oxide phases leading to the conversion of the less stable (more soluble)
iron(IlI) oxides and hydrous oxides, such as ferrihydrite and lep-
idocrocite, to the more stable forms, goethite and hematite which are
Fe3t hydroxide and oxide, respectively [66]. This latter conversion en-
hances the properties of the steel corrosion layer and protects it against
further corrosion. However, the sorption of silica on magnetite is
insignificant at high pH [67] and potential modification of the magnetite
layer properties due to incorporation of silicon in the system is thus
unlikely. Therefore, the Si released from glass dissolution could have
reacted with the Ca of the portlandite saturated solution and the Fe
dissolved from corrosion to form (Fe,A)Si-HG in the previously
mentioned experiments. In that particular case, the formation of such
corrosion product would have a beneficial effect on corrosion rate of the
carbon steel.

5. Conclusion

The literature on corrosion of carbon steel in alkaline anaerobic
conditions and high temperature in fully saturated conditions repre-
sentative of nuclear waste disposal conditions is quite exhaustive.
Despite the fact that (Fe,Al)Si-hydrogarnet was found to be stable Fe-
bearing phase in highly alkaline cement paste and that its formation is
predicted by thermodynamic calculations to be stable at the steel con-
crete interface, only one study reports the formation of such phase as a
corrosion product of carbon steel. In the present study, the combined
characterization and modelling of the whole system evolution (i.e.,
cement mineralogy, filling solution chemistry and corrosion evolution)
provides new insights on the conditions required to form such (Fe,Al)Si-
HG instead of the more common corrosion product magnetite.

Temperature is a key parameter controlling the formation of (Fe,Al)
Si-HG, not only for enhancing the kinetics but also for increasing the
domain stability of this phase. Temperature increase also promotes the
dissolution of cement hydrates that provide elements for (Fe,Al)Si-HG
nucleation. As the formation of this phase is controlled by diffusion
processes, the geometry of the experimental reactors favoured the
transfer of dissolved Ca, Si and Al through the surrounding solution
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upon the steel surface to initiate precipitation of (Fe,Al)Si-HG. The
transformation of iron hydroxide corrosion products into (Fe,A)Si-HG
through diffusion of Ca, Si and Al in the HCP was also emphasized in this
study. Ca concentration has been sufficiently high to favour the forma-
tion of (Fe,Al)Si-HG against magnetite. In this experiment, Ca release
and concentration evolution were predominantly controlled by the pH,
portlandite and AFt dissolution. Eventually, highly reducing conditions
due to Hy production from steel anoxic corrosion may promote
magnetite against (Fe,A)Si-HG but were not sufficient in the present
study at high temperature, high pH and high Ca concentration.

The formation of (Fe,Al)Si-HG in the high pH cementitious system
instead of magnetite challenges the protective properties of the corro-
sion product layer against corrosion. In the present conditions, the
progressive densification of the corrosion product layer allows the for-
mation of a diffusive barrier that hinders corrosion with times even for
defective steel surface representative of the material involved in the real
disposal conditions.
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