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1. Introduction

Commercial nuclear power plants for energy conversion methods
mainly utilize UO, as fuel [1]. The conventional cladding material
consists of Zircaloy-4 and deep geological repository concepts in the
United States are considering 316 stainless steel (316 SS) as the inner
canister material for the final disposal concept in the proposed
dual-purpose canister concept [2,3]. While there is consensus on the
disposal of spent nuclear fuel (SNF) in a deep geological repository
(DGR), questions on the safety case assessment remain on how the
corrosion and degradation mechanisms of one engineered barrier ma-
terial may affect the performance of other nearby materials. Our study
therefore aims to address open questions regarding how the redox po-
tential evolves due to corrosion scenarios in case of water intrusion into
a DGR. The current study focuses on corrosion of stainless steel and
Zircaloy-4 in MilliQ water as benchmarking system as well as in syn-
thetic Mont Terri water to mimic conditions in a generic DGR in argillite
host rock. An in-depth understanding of corrosion mechanisms of
Zircaloy-4 and 316 SS in direct contact, which may be possible during
disposal of SNF in a DGR, will help inform future studies for more
complex systems that involve SNF. Deriving a fundamental under-
standing about the redox pairs of the fuel cladding and waste canister
material evolving under water intrusion conditions is needed to deci-
pher their influence towards the mobility of uranium in case of water
intrusion into a DGR, thus answering open questions of the matrix
corrosion of SNF. This study addresses questions for the later stages of
the DGR safety case assessment, since it would require breaching of the
waste canister as well as the cladding material. Previous single compo-
nent corrosion studies showed that 316 SS experiences limited surface
corrosion in the low oxygen environments expected in a repository
[4-6]. As for Zircaloy-4, it has been shown to consistently form a
passivating zirconium oxide layer in the form of baddeleyite (m-ZrO3)
that protects the cladding surface [7,8]. However, there is a knowledge
gap on the effect of direct contact of the technical barriers in a DGR
towards evolving redox conditions. When two metals are in direct
contact, the fluid in between them can become confined. From physical
chemistry research it is known that confinement will change the prop-
erties of confined fluids [9-13]. Therefore, it can be expected that the
extrapolation of single component corrosion experiments towards
multi-component systems is an oversimplification. Past studies have
reported that stainless steel corrosion in the absence of UO; and in
presence of bentonite backfill material stimulates mineral growth at the
bentonite-canister interface and destabilizes trace pyrite in bentonite
[14], which may have implications towards how the redox chemistry of
a repository will develop over its long lifespan.

Our study focuses on the direct contact corrosion of 316 SS and
Zircaloy-4 in MilliQ water and synthetic Mont Terri water. The MilliQ
water serves as a benchmarking solution for our corrosion studies,
whereas Mont Terri water is one of the reference corrosion media for
DGR studies and mimics the composition of the Opalinus Clay water in
the Mont Terri Rock Laboratory [15], which is the host to Opalinus Clay
formation in Switzerland. 316 SS and Zircaloy-4 will be hydrothermally
corroded at elevated temperatures to accelerate corrosion for analysis in
a reasonable time span.

The experimental setup of direct contact of 316 SS and Zircaloy-4
aim to consider confinement effects which have been shown to change
the properties of the interfacial water layer [9-13]. To analyze corrosion
products, we combined SEM (Scanning Electron Microscopy), Raman
spectroscopy, and GI-XRD (Grazing Incidence X-Ray Diffraction). Solu-
tion pH was monitored and cation concentration was measured using
Inductively coupled plasma-mass spectrometry (ICP-MS). This study
provides new experimental insights into the corrosion behavior of the
two component 316 SS/Zircaloy system, which is crucial for under-
standing the multi-component system of spent nuclear fuel in contact
with cladding and waste canister materials in a DGR.

2. Materials & methods
2.1. Sample and synthetic Mont Terri Water preparation

Thin sheets (< 2 mm) of 316 SS and Zircaloy-4 (McMaster-Carr,
American Elements) were cut to create coupons measuring 3cmx 1.5 cm
and were then wet-polished with deionized water by hand using 600-grit
and 1200-grit silicon carbide papers followed by rinsing with deionized
water and acetone (VWR International, > 99.5 %). No additional heat
treatment was performed on either the 316 SS or Zircaloy-4 coupons.
Fig. 1 shows the resulting surface after polishing while SI Table S1 and
S2 show the compositions of 316 SS and Zircaloy-4 from the vendors. GI-
XRD analysis of the polished coupons are shown in SI Figure S1 and S2.

The clean coupons were then stored in a desiccator containing
drierite and were weighted prior to corrosion experiments. The sand-
wiched coupons were prepared by securely fastening 316 SS and
Zircaloy-4 together using platinum. A schematic of the sandwiched ex-
periments detailing the metal-metal and metal-water interface is given
in SI Figure S3.

Synthetic Mont Terri Water was prepared by mimicking the chemical
composition of the groundwater observed at the Mont Terri site [16].
NaCl (VWR Life Science, > 99.9 %), KCl (Fisher Chemical, 99 %),
MgCly-6H0 (Honeywell, > 99 %), NaHCO3 (Fisher Chemical, 99.7 %),
and CaS04-2H20 (Sigma-Aldrich, > 99 %) were used as received to
obtain the desired chemical composition. The targeted composition of
the synthetic Mont Terri water is described in Table 1, being based on
information provided in the open literature [15,16]. These salts were
dissolved in deionized water (18.2 MQ-cm) to prepare the synthetic
Mont Terri water. The synthetic Mont Terri water was then stirred with a
stir bar at room temperature overnight and its pH was measured with an
Orion 4-Star pH meter and a Fisherbrand accumet pH probe. The pH
meter was calibrated using pH buffer solutions (Potassium Biphthalate,
4.00 + 0.02 @ 25 °C, Dibasic Sodium Phosphate and Monobasic Po-
tassium Phosphate, 7.00 + 0.02 @ 25 °C, Sodium Carbonate and Sodium
Bicarbonate, 10.00 £ 0.02 @ 25 °C). All pH measurements were taken at
room temperature.

2.2. Hydrothermal corrosion experiments

Hydrothermal corrosion experiments were conducted with corrosion
durations from 1 to 6 weeks, having both temperature (150 °C and 250
°C) and the corrosion medium (MilliQ water 18.2 MQcm) and simulated
Mont Terri water) as additional parameters to observe their influence
towards the corrosion between 316 stainless steel (316 SS) and Zircaloy-
4.

Prior to hydrothermal corrosion in sandwiched coupon experiments,
the selected water type was degassed by sparging with Argon gas (99.99
% purity) for 1 hour. The pH measurements on the degassed solution
were performed and, in the case of experiments using Mont Terri water,
the pH was adjusted to roughly 7.5 using HCl (MilliporeSigma, 3 M
Reagent Grade) to match the anticipated near-neutral pH of the ground
water [15,17,18]. Wired coupons along with 15 mL of the degassed
solution were then placed in their own 45 mL Parr 4744 PTFE-lined
digestion vessel autoclave [19]. The autoclave was then sealed and
placed in a SHEL LAB oven at the desired temperature and duration for
hydrothermal corrosion. Approximately 30 mL of air remained in the
PTFE liner, which may have generated initial oxidizing conditions that
promote hematite formation.

After termination of the experiment, the autoclaves were allowed to
cool down ambiently to room temperature for 1-2 hours. The corroded
coupons were removed from the corrosion solution and gently rinsed
with deionized water before being stored in a desiccator for future
analysis. The pH of the remaining corrosion solution was measured after
reaching room temperature. Precipitates in the corrosion solution were
separated by centrifuging at 4400 rpm for 5 minutes and collected for
XRD analysis. Prior to secondary phase analysis, the sandwiched
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coupons were disassembled. 1 mL of 70 % HNOj3 (Honeywell, 70 %
Reagent Grade) was added to 10 mL of the corrosion solution to stabilize
the corrosion solution for later ICP-MS analysis, and a 100-fold dilution
sample was prepared for each corrosion experiment using a solution of 1
% ultra-high purity HNOs.

2.3. Analytical techniques

ICP-MS analysis was performed using the Thermo Scientific™
iCAP™ RQ single quadrupole (SQ) ICP-MS provided at UCI’s Irvine
Materials Research Institute (IMRI) facility. All samples were measured
in the standard measurement mode with a dwell time of 0.1 seconds.
Prior to sample analysis the instrument was calibrated with ICP mix
standards (ICP Mix Standard 5, Inorganic Ventures, 5 % v/v Nitric Acid
and ICP Mix Standard 3, Inorganic Ventures, 5 % v/v Nitric Acid /tr
hydrofluoric acid) prepared to detect iron, nickel, chromium, and zir-
conium ions in solution after corrosion. Details on detection limits and
signal to noise is given in the supporting information (Table S3 and
Table S4).

Secondary electron and backscattered electron images were taken
with a TESCAN Mira 3 SEM instrument at 20 kV. For starting material
characterization, SEM characterization was performed at 8 kV. Corroded
samples were taken as is from the desiccator for SEM analysis. Elemental
analysis was performed using Energy-dispersive X-ray spectroscopy
(EDS) with a EDAX Octane Elite detector.

Raman spectra were collected using a Raman microscopy system
based on a Renishaw InVia microscope with a 2400 gr/mm grating at the
Laser Spectroscopy Laboratories at UCI. Samples were probed with a
532 nm laser at a lowered power ranging from 0.3 - 3 mW. The produced
spectra were normalized to the highest intensity band with the back-
ground being subtracted and cosmic rays removed.

X-ray diffraction data of precipitates were collected using a Proto
AXRD benchtop diffractometer, with Cu Ke radiation (1=0.154 nm, 40
kV, 40 mA). Grazing incidence diffraction data was collected using the
Rigaku Smartlab X-ray Diffractometer at UCI’s IMRI facility, which also
uses Cu Ka radiation. The angle of incidence was set between 0.3 and 0.4
for surface analysis of corroded coupons.

2.4. Thermodynamic modeling

Speciation calculations at equilibrium and its corresponding pH
were performed with HCh code version 4.4 at 150 °C and 250 °C, both
at the saturated pressure using the free energy minimization algorithm
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Table 1

Targeted composition of the synthetic Mont Terri
groundwater made to mimic the approximated parame-
ters of the groundwater from the Mont Terri site [15,16].

Species Concentration [mg/L]
Target Composition

Ca*" 421

K" 221

Mg*+ 182

Na® 3885

cr 5672

S0% 2305

co3 162

pH 7.50

and the Unitherm database [20]. A 13-component system of
H-O-Fe-Cr-Ni-Zr-C-Ca-Cl-K-Mg-Na-S was modeled to replicate a system
representing the major elements of the 316 SS waste canister (Fe, Cr,
Ni) and Zircaloy-4 cladding (Zr) interacting with synthetic Mont Terri
water. From this system, a total of 53 possible individual phases and 63
possible aqueous phases in solution were selected using thermody-
namic values provided by Holland [21], Stoffregen [22], Robie [23],
Naumov [24], IVTANTERMO [25], Glushko [26], Lemire [27], John-
son [28], Shock [29], Sverjensky [30], Tagirov [31], and Diakonov
[32]. A detailed list of the considered phases and species for thermo-
dynamic modeling are provided in (SI Table S5 and S6). The amount of
water and species present in the experimental corrosion experiments
were scaled up to 1 kg of water. Species that require sulfate reduction
have been excluded from the modeling system due to sulfate reduction
being known to be kinetically hindered [33]. Hypochlorite species were
also excluded from the modeling system since they would be too
oxidizing to form in the generally reducing environment observed in
the Mont Terri site [34]. Redox potential calculations between solid
phases were performed using the Unitherm software in the HCh
package.

3. Results and discussion
3.1. Corrosion in MilliQ water — experiments at 150 °C

During the corrosion of 316 SS/Zircaloy-4 sandwiches in MilliQ
water, both precipitates in solution are formed as well as secondary

phases on the two metals (Fig. 2). Precipitates in solution were observed
as early as 1 week into corrosion and persist throughout weeks 1-6. XRD

Fig. 1. SEM-SE images of the surface of 316 SS (a) and Zircaloy-4 (b) after wet-polishing with silicon carbide papers.



shows that the precipitates consist of hematite (a-FepO3) (Fig. 2a). Re-
sults may be affected by the acidification procedure due to magnetite
(Fe304) being more soluble [35] at lower pH environments, leading to
preferential dissolution of magnetite.

Micrometer-sized iron oxides (1-10 pm) confirmed by EDS analysis
form on the peripheries of both Zircaloy-4 and 316 SS at all interfaces
(Figure 2b+c). Iron oxides were more commonly observed on the metal-
to-metal interface and increase in quantity with increasing corrosion
durations. Iron oxides exhibit granular and plate-like morphologies
(Figure 2b+c). Raman spectroscopy was used to identify the iron oxides
as hematite and magnetite (Fig. 2d). For magnetite, only the charac-
teristic A;g band at 663 em™* was observed [36-38] which may indicate
its existence as a minor iron oxide phase. For hematite, two of its A;g
modes are observed at 231 cm™ and 503 cm'! alongside all of its pre-
dicted Eg modes at 241 cm'l, 299 cm'l, and 615 cm’! [37,38]. The
intense magnon mode of hematite at ~1300 em™ is also observed [39,
40]. As corrosion duration increases, hematite remains as the dominant
iron oxide whereas magnetite remains as a minor phase. The consistent
identification of hematite suggests that chemical environment in MilliQ
water at 150 °C favors hematite formation.

Maghemite (y-Fe;Os3), a possible intermediate during the oxidation
of magnetite into hematite [41,42], was not observed by Raman spec-
troscopy and can thus provide information on how hematite develops in
this system [43,44]. The absence of a maghemite intermediate suggests
that the dominant route for hematite formation is not by the direct
oxidation of initially formed magnetite. Instead, the hematite pre-
cipitates forming in solution is likely caused by the direct oxidation of
aqueous Fe?™ in solution [45] that is assisted by the residual oxygen
present in the headspace of the PTFE liner. As for the hematite identified
on the 316 SS and Zircaloy-4 surface, it may be forming through a
non-redox acid-base reaction where magnetite transforms into hematite
as described in Eq. (1) [45-47].

Fe304 (magnetite) + 2H' < Fe,05 (hematite) + Fe?™ + H,0 (¢}

GI-XRD was able to detect baddeleyite (m-ZrO2) and tetragonal zir-
conia (t-ZrOs) as early as 1 week of corrosion at the metal-to-water
interface of the Zircaloy-4 at an incident angle of 0.4° (Fig. 2e). XRD
reflexes pertaining to the bulk uncorroded zirconium in Zircaloy-4
remain prominent, suggesting that the Zircaloy-4 coupon may be
passivated by the ZrO, layer. No secondary phases originating from the
oxidation of the Zircaloy-4 coupon could be observed by Raman spec-
troscopy. Although, this may be due to the ZrO; being thin enough such
that Raman spectroscopy is unable to detect it.

Fig. 3a shows that the pH of the corrosion solution from MilliQ water
experiments remains below the neutral pH of 7 as corrosion proceeds.
The corrosion solution reaches its maximum pH value of 6.7 + 0.2 after
1 week of corrosion before decreasing to a pH of 5.5 + 0.6 after 6 weeks
of corrosion. Solution analysis via ICP-MS shows Fe to be the most
abundant species, followed by Ni, Cr, and Zr. Fe and Cr both follow a
similar trend where their concentration increases before stabilizing to a
lower concentration whereas the concentration of zirconium remains
low and unchanged throughout the entire duration of the corrosion
experiments. The iron concentration fluctuates between 50-160 ppm
during the 1-6 week corrosion period. Iron concentration maximizes at
~160 ppm after 2 weeks of corrosion and decreases to ~116 ppm after 6
weeks of corrosion. Zr concentration is on average 0.1 ppm, with
maximum concentration of 0.2 ppm 6 weeks into corrosion and mini-
mum being 0.1 ppm 3 weeks into corrosion as shown in SI Figure S4.
Nickel concentrations were also measured due to these elements being
another major component of 316 SS; ICP-MS results show that nickel
concentrations increase to a maximum concentration of 39 ppm after
two weeks into corrosion before stabilizing to a lower concentration of
~34 ppm as described in SI Figure S4.

Based on solid phase analysis showing mainly iron oxides and the
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Fig. 2. Solid characterization after corrosion in MilliQ water at 150 °C. a) XRD of precipitates from MilliQ water after 1 week. SEM-SE images of newly formed iron
oxides at the metal-to-metal interface of 316 SS after b) 3 weeks and c) 6 weeks. d) Raman analysis of 316 SS metal-to-metal interface after 1 week. Labeled bands
belong to hematite (a-Fe,O3) and to magnetite (bold). e) GI-XRD of Zircaloy-4 surface at the metal-to-water interface after 1 week.
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Fig. 3. Aqueous analysis for corrosion experiments at 150 °C in MilliQ water. a) pH development. b) Concentration as a function of time as measured by ICP-MS for
iron and chromium. The error bars in (b) are covered by the data points in the plot. Detection limits for Fe is 0.5 ppb and for Cr is 11 ppt.

high concentration of iron in solution compared to the other major el-
ements in 316 SS and Zircaloy-4, it can be assumed that iron-based re-
actions are the main driving force in the MilliQ water system at 150 °C.
pH and ICP-MS analysis agree with our hypothesis that the non-redox
acid-base reaction described in Eq. (1) is controlling hematite forma-
tion after the initial oxidation of iron from 316 SS. The mildly acidic pH
would supply the MilliQ solution with the protons needed to have
magnetite transform into hematite, releasing Fe?" into solution that can
then be oxidized into the hematite precipitates observed after 1 week of
corrosion. This observation can be seen in the liquid phase results, where
the observed increase in pH after 1 week coincides with the point where
iron concentration is the lowest. This would indicate consumption of
protons to have magnetite transform into hematite and release Fe?™,
followed by the oxidation of released Fe?* to generate hematite pre-
cipitates in solution. The later behavior in pH and iron concentration
after 1 week may be attributed to continued transformation of magnetite
into hematite described in Eq. (1). Depletion of the residual oxygen may
lead to the observed increase in iron concentration to keep released Fe*
in solution. The following stabilization of both pH and concentration
may be explained by Eq. (1) also acting as a buffer for both pH and iron
concentrations [47], since it is also a reversible reaction.

In summary, during corrosion in MilliQ water, hematite (a-Fe;O3)
and magnetite (Fe304) form as secondary phases originating from 316
SS whereas baddeleyite monoclinic zirconia (m-ZrO3) and tetragonal
zirconia (t-ZrO2) form as secondary phases (Fig. 2) originating from the
Zircaloy-4. Results suggest that MilliQ water experiments in 150 °C are
dominated by iron chemistry that is controlled by a mixture of both
redox dependent and redox independent reactions. The lack of a
maghemite intermediate despite traces of magnetite being detected
alongside hematite suggests that redox independent mechanisms prob-
ably occurred on the metal surfaces where magnetite is present. Redox
dependent reactions, namely the oxidation of Fe?* into Fe>", might
occur more often in solution to generate hematite precipitates. Iron
oxides develop on both 316 SS and Zircaloy-4 at both metal-water and
metal-metal interfaces, but were more common at the metal-metal
interface. This may be a result of increased chemical interaction at the
solid/liquid interface due to modified interfacial water structure, which
is known to be different than bulk solution [48] as reported in other
hydrothermal corrosion studies involving stainless steel [49].

3.2. Corrosion in MilliQ water — experiments at 250 °C

Micrometer-sized iron oxides (most ~1-10 um with some larger
crystals of 10 pm-15 pm) consistently form on the peripheries of both
Zircaloy-4 and 316 SS at the metal-to-metal interface. At 250 °C octa-
hedrons were observed (Fig. 4a), which was not observed in MilliQ
experiments at 150 °C. Compared to observations in MilliQ experiments

at 150 °C, iron oxides become more prominent at the metal-to-metal
interface of both 316 SS and Zircaloy-4 rather than at the metal-to-
water interface. Hematite remains as an iron oxide at the elevated
temperature scenario (SI Figure S5), although magnetite appears to be
more common, based on Raman analysis detecting magnetite with its
additional supporting Tag bands (186 em?, 480 ecm™, 547 cm'!) and Eg
band (318 cm'l) (Fig. 4b) [35,36] as early as 1 week into corrosion on
both metals at the metal-to-metal interface. Pure magnetite was detected
more frequently than hematite when compared to MilliQ water experi-
ments conducted at lower temperatures as shown in Fig. 4c, where no
Raman bands of hematite were observed. This observation of magnetite
being more present through Raman spectroscopy coincides with the
appearance of octahedral iron oxides also seen by the Raman microscope
(SI Figure S6), which are often attributed to the formation of magnetite
[50-52] and therefore seems to imply that elevated temperatures en-
hances the development of magnetite. Very rarely, in localized areas of
the coupon at the metal-to-metal interface, octahedral iron oxides can be
observed with holes in them (Fig. 4c). The development of holes on the
iron oxides suggests localized corrosion that is analogous to pitting
corrosion [53], or perhaps localized dissolution of the iron oxides. Based
on the assumption that the octahedral iron oxides represent magnetite,
the formation of the holes may be caused by the increased auto--
ionization of water at higher temperatures providing localized areas of
low pH that will assist in magnetite dissolution [35]. Because the
developed iron oxides lack the chromium and nickel that make the bulk
316 SS coupon corrosion resistant [53], it could be the cause for why the
development of holes is only observed on the iron oxides, and not on the
surface of 316 SS. Nonetheless, this observation suggests that while
magnetite formation is promoted at higher temperatures, it is sensitive
to localized changes in the chemical environment and likely won’t act as
a passivating oxide for 316SS. Alternatively, the development of holes
on the octahedral crystals may be due to hopper crystal growth wherein
the edges of the crystal develop more quickly than the faces [54],
potentially leading to an appearance that is similar to that of a hole on
the crystal structure.

No new secondary phases were observed from Zircaloy-4 at the
elevated corrosion temperature of 250 °C, although baddeleyite is now
able to be detected as early as 1 week into corrosion at both interfaces of
Zircaloy-4 by Raman spectroscopy as indicated by the A;; modes at 175
cm™, 474 em™, 555 em™, 636 cm™, and the two By modes at 333 cm™?t
and 380 cm’! [55,56] (Fig. 4d). Zirconia is also visible in SEM-BSE im-
ages and EDS maps (SI Figure S7). Tetragonal zirconia remains unde-
tected by Raman, and no change is observed in the Raman stretches of
monoclinic zirconia as corrosion duration increases. Results therefore
suggest that temperature accelerates growth of specifically baddeleyite
while providing a negligible influence on tetragonal phase ZrO,.

Nanometer sized plate-shaped secondary phases not observed in 150
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chromium-rich plates. f) Raman spectra identifying the chromium phase as chromite at the metal-metal interface of 316 SS after 3 weeks.

°C MilliQ experiments formed only at the metal-to-metal interface on the
316 SS surface as early as 1 week of corrosion. The plate-shaped sec-
ondary phases are located closer to the center face of the 316 SS, away
from the iron oxides that preferentially form near the coupon edges
(Fig. 4e). Additionally, these phases often formed on cracks at the metal-
to-metal interface of 316 SS (SI Figure S8). EDS analysis shows that the
nanometer phases contain higher chromium than iron content which
implies formation of a chromium-rich nanometer-sized phase. GI-XRD
analysis of this phase identified it as chromite (FeCryO4) (SI Figure
$9). Raman analysis confirms the identification as chromite due to the
presence of the strong characteristic Raman band at ~690 cm™! caused
by the Ajg Cr-O vibration from the CrOg octahedral unit of chromite
[57-60] (Fig. 4f). While magnetite and chromite do share the same XRD
pattern due to their spinel crystal structure, the larger chromium content
observed by EDS and the lack of Raman bands pertaining to magnetite
strongly suggest that these nanometer phases are chromite and not
magnetite.

No visible precipitates from solution were observed until 3 weeks of
corrosion. This differs from experiments performed at 150 °C, where
precipitates can be observed after 1 week. The amount of precipitates
after 3 weeks of corrosion at 250 °C was too small for any identification
analysis. XRD analysis on precipitates formed after 6 weeks showed
hematite reflexes and some low-intensity reflexes that correspond to
magnetite (SI Figure S10).

Similar to the 150 °C corrosion experiments in MilliQ water, the pH
remains consistently below the neutral pH of 7 but reaches a slightly
more acidic pH (pH = 5.201 equivalent to an increase of 5.7 %)
compared to the 150 °C MilliQ experiments after 6 weeks of corrosion.
The pH steadily decreases to 4.3 + 0.3 after three weeks of corrosion
before rising to 5.2 & 0.1 at 6 weeks. Solution analysis via ICP-MS shows
again Fe to be the most abundant species in solution, followed by Ni, Cr,
and Zr. An overview of all measured concentrations is given in (SI Table
S7). The iron concentration ranges from 10 — 128 ppm between the 1-6
week corrosion duration (Fig. 5). Similar to the ICP-MS results at 150 °C
in MilliQ water (Fig. 3b), iron and chromium show a similar trend of
increasing concentration with corrosion experiment duration (Fig. 5).

Although, unlike the results in the 150 °C MilliQ experiments, the iron
concentration remains relatively low until 6 weeks of corrosion. The
behavior of zirconium is near identical as at 150 °C, with overall con-
centration being below 0.2 ppm.

Based on previous discussion in the 150 °C MilliQ experiments, the
acidic environment of the MilliQ solution should promote hematite
formation by Eq. (1). However, pure octahedral magnetite is commonly
detected in just 1 week of corrosion which would imply the suppression
of the forward reaction of Eq. (1). This may be due to interactions at
elevated temperatures and the increased auto-ionization of water
shifting Eq. (1) to favor magnetite formation, which could explain the
low iron concentration and increased acidity observed for the first 3
weeks of corrosion. The chromite formation that was observed on 316 SS
after 1 week of corrosion is also another likely cause for the initially low
iron concentration, as chromite is known to protect steels and enhance
corrosion resistance [61,62]. Chromite was observed to form exclusively
on 316 SS at the metal-metal contact interface with Zircaloy-4, therefore
suggesting that the majority of the chemical interactions seemingly take
place at the contact region between 316 SS and Zircaloy-4. The increase
in iron concentration after 6 weeks of corrosion could be a result of the
eventual dissolution of magnetite as previously shown in Fig. 4c. This
can be corroborated with precipitate analysis from the corrosion solu-
tion in the 250 °C MilliQ experiments, wherein precipitates were only
identifiable after 6 weeks of corrosion either due to no precipitates
developing or extremely low quantities forming that prevented XRD
identification. The 6-weeklong precipitates were shown to be primarily
hematite, which suggests that any magnetite that underwent dissolution
was likely oxidized to hematite by residual oxygen in the reaction vessel.

Overall, MilliQ water experiments at 250 °C showed somewhat
larger iron oxides with distinct morphologies not observed in the lower
temperature experiments. Magnetite was also observed to be a more
common iron oxide, and a new secondary phase in the form of chromite
was additionally observed. Chromite forms exclusively on 316 SS at the
interface that is in contact with Zircaloy-4, further suggesting that most
of the chemistry occurring is centralized at the metal-metal interface. It
appears that acid-base reactions can influence 316 SS waste canister
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behavior due to Eq. (1) being a consistently active reaction throughout
MilliQ water experiments regardless of temperature. It can therefore be
assumed that upon corrosion of 316 SS, a pH or Fe?' buffer will likely
develop to control liquid acidity and iron ion concentration.

3.3. Corrosion in Mont Terri Water — experiments at 150 °C

Micrometer-sized iron oxides (1-10 pm) form on the peripheries of
both Zircaloy-4 and 316 SS at all interfaces but are more commonly
observed at the metal-to-metal interface. Iron oxides adopting an octa-
hedral morphology can be observed beginning 3 weeks into corrosion
(Fig. 6a) and could be correlated as magnetite based on previous dis-
cussion in the 250 °C MilliQ experiments. As observed during corrosion
in MilliQ water, baddeleyite and tetragonal zirconia is identified via GI-
XRD as early as 1 week into corrosion (SI Figure S11). Brucite (Mg(OH)5)
formation originating from the Mont Terri water composition was
observed by SEM as early as 1 week into corrosion at all interfaces; EDS

maps confirm brucite formation (Fig. 6¢).

The pH of the corrosion solution decreases to 6.8 + 0.2 after 2 weeks
of corrosion. Then, the pH increases to a maximum of 8.6 + 0.3, before
stabilizing at 8.2 + 0.2 after 6 weeks of corrosion. The initial decrease in
pH may be caused by formation of hematite, which was detected by
Raman spectroscopy after 1 week of corrosion (SI Figure S13). The early
detection of hematite is consistent with observations in MilliQ water
experiments, which indicates that a similar corrosion mechanism may
be occurring. The formation of hematite may therefore be a possible
cause for the MilliQ water experiments being consistently below neutral
in pH while also explaining the slight decrease in the pH of Mont Terri
water before 3 weeks of corrosion. The proposed reaction for the
oxidation of Fe*" to form hematite is thus shown below (Eq. (2)) [63]:

4Fe** + 04 + 4Hy0 — 2Fe;05 (hematite) + 8H' 2

As the residual dissolved oxygen in solution and oxygen in the

3 weeks of corrosion

B e

6 weeks of corrosion

Fig. 6. Solid characterization after corrosion in Mont Terri water at 150 °C. SEM-SE images at the metal-to-metal interface of 316 SS showing iron oxides of different
morphologies after a) 3 weeks and b) after 6 weeks of corrosion. ¢) SEM-SE image and EDS maps showing what is likely brucite formation after 1 week. Full EDS
spectrum results are provided in the SI Figure S12.



headspace is depleted, the formation of hematite (Eq. (2)) stops, and the
oxidation of Fe’ to Fe?* likely becomes the dominant reaction for the
oxidation of iron (Eq. (3)) [63], leading to the pH increase observed 3
weeks into corrosion.

Fel + 2H' - Fe?* + H, 3)

The pH increase coincides with the formation of octahedral magne-
tite. Unlike 150 °C samples corroded for a shorter duration, Raman after
3 weeks of corrosion showed magnetite (SI Figure S13). This observation
implies that the increase in pH after three weeks of corrosion signifies a
lowering of redox potential such that magnetite forms preferentially
over other iron oxides. Compared to the MilliQ water experiments at the
same temperature, the preferential formation of magnetite in Mont Terri
water suggests that the Mont Terri groundwater will naturally trend
towards a more reducing redox potential, thereby hindering the oxida-
tion of iron to fully oxidized hematite.

ICP-MS analysis shows iron to be the most abundant species in so-
lution, followed by Ni, Cr, and Zr (Fig. 7). The Fe concentration steadily
increases from ~68 ppm to ~206 ppm with corrosion duration. Again,
Fe and Cr show a similar trend. However, in contrast to previous ob-
servations in MilliQ, the Zr concentration also shows the same
increasing trend with increasing reaction time. Overall, the Zr concen-
tration is 376 % higher in Mont Terri water than in MilliQ water after 6
weeks of corrosion. The Fe concentration reaches ~200 ppm after 6
weeks of corrosion, which is 77.6 % higher than the concentration
observed in MilliQ water after the same time and temperature, sug-
gesting an overall more corrosive environment in Mont Terri water.
These results alongside pH measurement trends show that redox-based
reactions play a larger role on experiments conducted in Mont Terri
water, where Eq. (3) appears to dominate in place of Eq. (1) after 3
weeks of corrosion. The rising pH and iron concentration after 3 weeks
of corrosion would imply the forward reaction of Eq. (1), which is not in
agreement with solid phase analysis revealing magnetite to be the
preferred iron oxide. Therefore, it is likely that the ions in the Mont Terri
solution are promoting more redox reactions such that the observed pH
increase and subsequent magnetite formation are caused by Eq. (3)
instead of Eq. (1).

In contrast to the MilliQ water experiments, 150 °C Mont Terri water
experiments are able to produce an increase in pH and develop a pref-
erence for magnetite formation over hematite, if given enough time.
Therefore, while more oxidation does occur, the Mont Terri water will
more readily trend to reducing redox potentials even when the initial
conditions are slightly oxidizing. This may have implications in a re-
pository scenario where groundwater with non-negligible oxidizing
strength manages to interact with the waste canister, as results suggest
that the redox conditions may be appreciably lowered by the gradual
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corrosion of 316 SS. The Mont Terri water could also be able to resist
acidification by facilitating Eq. (3) while also buffering the solution
through formed brucite.

3.4. Corrosion in Mont Terri water — experiments at 250 °C

Micrometer-sized iron oxides (1-10 pm, occasionally 10 - 15 pm)
form on the peripheries of both Zircaloy-4 and 316 SS at the metal-to-
metal interface, again with a strong preference to form at the metal-
to-metal interface. Tabular and polyhedral morphologies are
commonly observed (Fig. 8a + b). However, the octahedron morphology
is more commonly observed in the 250 °C experiments than in 150 °C
corrosion experiments in Mont Terri water. Synthesized magnetite
commonly adopts an octahedral morphology [50-52] and is once again
confirmed by Raman analysis on octahedral crystals viewed on the
Raman microscope showing Raman bands strongly representative of
magnetite (SI Figure S14). Since increased temperature corrosion ex-
periments were performed to accelerate corrosion and mimic DGR
relevant conditions, this suggests that corrosion of the 316 SS canister
will lead to preference magnetite formation. HCh thermodynamic
modeling discussed in Section 4 verifies that the higher temperature
experiments will not cause different oxide phases to form, as magnetite
remains the thermodynamically preferred iron oxide at temperatures
below 250 °C.

Similarly to MilliQ experiments at 250 °C, nanometer platelets
orthogonal to the coupon can be observed only at the metal-to-metal
interface of 316 SS (Fig. 8c) and seem to form as early as 1 week into
corrosion. EDS analysis showed that the platelets are a chromium-based
phase with low iron content (Fig. 8d). GI-XRD analysis at the general
location probed by SEM-EDS analysis suggests that the chromium-rich
phase is chromite (Fig. 8e). Zircaloy-4 analysis was essentially iden-
tical to the 250 °C MilliQ water results, suggesting that the water
composition of synthetic Mont Terri water has negligible influence to-
wards Zircaloy-4 corrosion.

Similar to Mont Terri corrosion experiments performed at 150 °C, the
pH initially decreases (pH + 5.9 after 2 weeks) before it reaches 8.0 after
6 weeks into corrosion. The pH values of the 250 °C Mont Terri water
experiments were consistently observed to be lower than in the 150 °C
Mont Terri water experiments but nonetheless reach the same general
pH value of 8, showing that corrosion of 316 SS waste canister in contact
with Zircaloy-4 cladding will eventually stabilize to slightly alkaline
conditions. Although, the increase in pH for Mont Terri water appears to
be delayed by at least 1 week at 250 °C (Fig. 9a). Since the decrease in
pH coincides with chromite formation, it may be contributing to the
lowered pH and delayed rise in pH by hindering Eq. (3), thus making the
non-redox reaction of Eq. (1) being more pronounced. ICP-MS results
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Fig. 7. Aqueous analysis of corrosion experiments at 150 °C in Mont Terri water. a) pH development and b) ICP-MS results of the Fe and Cr concentrations as a
function of corrosion duration. The error bars in (b) are covered by the data points in the plot.
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may corroborate this phenomenon, which shows low concentrations of
chromium in solution and suggests that chromite was formed.

Solution analysis via ICP-MS shows Fe to be the most abundant
species in solution, followed by Ni. In contrast to all other experiments,
the Cr concentration for corrosion in Mont Terri water at 250 °C is lower
(~0.7 ppm after 1 week and ~0.1 ppm after 6 weeks of corrosion) and
matches the Zr concentration. The Fe concentration increases from
~111 ppm to ~215 ppm during corrosion up to 6 weeks. In contrast to
the other reaction conditions, Cr decreased at 250 °C in Mont Terri water
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while Fe and Zr increased with reaction time. This decrease in chromium
concentration may be due to both the Mont Terri water trending towards
more reducing conditions as corrosion proceeds and the precipitation of
the chromite phase that was also observed in MilliQ water experiments
at 250 °C. The pH increase seen from 3 to 6 weeks of corrosion appears
to coincide with an increase in iron concentration. Although, due to
chromite formation possibly passivating the 316 SS at the metal-metal
interface, it is more likely that the forward reaction of Eq. (1) is the
main contributor for the increase in pH and iron ion concentration
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Fig. 9. Aqueous analysis of corrosion experiments at 250 °C in Mont Terri water. (a) pH development up to 6 weeks of corrosion is shown and (b) ICP-MS results of
the concentration of iron and chromium as a function of corrosion duration. Error bars in (a) pertain to deviation from calibration curve rather than standard
deviation from repeated experiments (SI Equation S1). The error bars in (b) are covered by the data points in the plot.



instead of Eq. (3). Despite the forward reaction of Eq. (1) being pro-
posed, magnetite still appears as a very common phase. A possibility for
this explanation is that formed hematite is reduced to magnetite using
Hy as a reducing agent, which has been reported to occur in hydro-
thermal conditions at temperatures as low as 100 °C [64]. Since redox
reactions can be facilitated by the ions transferring charge in Mont Terri
water, Hj is likely already present in the reaction vessel after 6 weeks of
corrosion, as oxidation of zirconium into ZrO, and the formation of
magnetite are able to produce H; as a byproduct.

Overall, the Mont Terri water experiments at 250 °C still show signs
of being influenced by redox-based reactions due to the large quantities
of iron oxides formed and the high iron concentration aftera single week
of corrosion. Although, chromite formation on the 316 SS surface at the
metal-metal interface may hinder iron oxidation which in return may
allow for non-redox acid-base reactions to influence the reaction system.
Despite the possible passivation by chromite, the accelerated corrosion
scenario in Mont Terri water at 250 °C still shows magnetite as the
significantly more common iron oxide. Based on these results, magnetite
will likely exist as the main iron oxide product instead of hematite over
longer time spans in groundwater solutions adjacent to the simulated
solution here. If hematite were to form, it would most likely be reduced
by H, that was produced by oxidation of iron or zirconium.

3.5. Thermodynamic modeling HCh

Calculations using the HCh software were performed to predict, pH,
speciation of the aqueous solution, and solid phases at thermodynamic
equilibrium. Thermodynamic modeling results show that the oxidation
of iron strongly influences both the pH and redox potential of the
corrosion solution (Fig. 10). Specifically, the oxidation of iron towards
thermodynamic equilibrium under probed experimental conditions will
lead to an increase in pH and a lowering of the redox potential. The
equilibrium speciation of iron in solution shows that iron exists mainly
in its +2 oxidation state, with Fe?* and FeOH' being the two most
abundant iron species in both MilliQ and Mont Terri water simulations.
This implies that the oxidation of iron into Fe?* described in Eq. (3) is
the main route for oxidation of iron, as it leads to the pH increase and
lowering of redox potential predicted by the model due to the con-
sumption of H' and the formation of Ha, respectively. Although, the pH-
increasing effect of iron towards both MilliQ and Mont Terri water di-
minishes greatly at higher temperatures. This may be due to the auto-
ionization of H,O being more favored at elevated temperatures up to
250 °C [65]. The addition of the other major elements of 316 SS besides
i.e. Cr, Ni, the waste canister material and the cladding material, i.e. Zr
into the model showed negligible effects on pH and redox potential in
both water compositions within the probed temperature range of 25 —
250 °C (SI Figure S15 and S16). This indicates that the oxidation of iron
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is the main contributor in controlling the pH and redox potential at
thermodynamic equilibrium, which agrees with the consistent obser-
vation of iron oxides and high iron concentrations in the experimental
results.

HCh predicts all iron, chromium, and zirconium to be oxidized at
equilibrium at all probed temperatures and water chemistries. Newly
formed phases are predicted to be magnetite, chromite, baddeleyite, and
Hjy gas; nickel in the 316 SS remains stable and was not predicted to
oxidize or form a secondary phase. These proposed secondary phases are
consistent with the secondary phases observed experimentally. This
indicates that the hydrothermal corrosion experiments will trend to
reducing conditions and an increased pH if corrosion were to proceed
past the probed duration of 6 weeks. While Hy was not measured, the
formation of Hy gas is very likely due to observation of baddeleyite,
which requires oxidation of zirconium and produces H; as a byproduct
[66]. Chromite was also predicted to form at temperatures below 250 °C
but was not observed in the hydrothermal corrosion experiments at 150
°C. Because the thermodynamically predicted chromite was only
observed to form in experiments at 250 °C specifically on the
metal-metal interface with 316 SS in contact with Zircaloy-4 and not at
the 316 SS metal-water interface, Zircaloy-4 contact appears to accel-
erate the corrosion of 316 SS to thermodynamic equilibrium.

This observed effect could be due to galvanic corrosion based on the
difference in nobility between 316 SS and zirconium [67]. However,
corrosion coupling experiments (Schlain et al. 1955) with zirconium in
contact with 316 SS showed no noticeable corrosion effect between the
materials [68]. Moreover, galvanic corrosion of zirconium and its alloy
is not expected when in contact with steel vessels such as carbon steel
according to Shoesmith [8]. Another cause for this observed effect may
be due to the confined interface between the 316 SS and Zircaloy-4
generating a chemical environment that is different from the bulk so-
lution. Prior hydrothermal corrosion studies involving 316 SS in contact
with clay, glass, and ceramics in simulated DGR environments have
reported similar phenomena [14,49,69].

It has been proposed that the accelerated corrosion of 316 SS at an
interface with a dissimilar material leads to changes in both solution
chemistry and acidity localized at the confined interface, likely caused
by the accumulation of metal cations hydrolyzing water [69]. Experi-
mental results appear to agree with the proposed mechanism, as the
accumulation of iron cations at the confined interface can explain the
observed disparity between iron oxide formation at the metal-metal
interface and metal-water interface. Hydrolysis by the iron cations can
then lower pH [70], which can assist in explaining the consistent
below-neutral pH in the MilliQ water experiments as well as the initial
pH decrease observed in the Mont Terri experiments. Prior corrosion
coupling studies [68] did not show signs of accelerated corrosion at the
metal interface between 316 SS and Zircloy-4 but were conducted at
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Fig. 10. (a) Computational results of the influence of iron in MilliQ and Mont Terri water towards pH and (b) redox potential at thermodynamic equilibrium.



significantly lower temperatures (35 °C [68]) compared to our accel-
erated corrosion scenario experiments. Further investigation may need
to be done to better determine the cause of seemingly increased corro-
sion at the interface between 316 SS and Zircaloy-4. Nonetheless, the
consistency between the formed secondary phases both computationally
and experimentally imply that the hydrothermal corrosion experiments
trend towards thermodynamic equilibrium. This consistency addition-
ally suggests that iron corrosion in 316 SS waste canisters will control
the pH and redox potential of intruding groundwater in a case of tech-
nical barrier failure.

One difference between computational and experimental results is
that hematite was observed experimentally but not predicted to form at
thermodynamic equilibrium. A possible explanation for this discrepancy
is that the oxygen present in the air of the headspace of the reaction
vessel leads to more oxidizing conditions to assist in hematite formation.
Another possible reason for the discrepancy between modeling and
experiment is that the experiments remained very far from thermody-
namic equilibrium given that only a small portion of the overall coupon
has been corroded. Additionally, the initial conditions of the MilliQ and
Mont Terri solutions may be oxidizing enough to have hematite form to
then later be reduced into magnetite as the model approaches thermo-
dynamic equilibrium. This may be supported by the computationally
reported redox potentials of the two water solutions in the absence of the
metals described in Fig. 10b, where both solutions were reported tohave
a slightly oxidizing potential over 0 V vs. Standard Hydrogen Electrode
(SHE) up to a temperature of 250 °C.

The proposed reactions at the 316 SS/Zircaloy interface are shown in
Fig. 11. Iron from 316 SS is initially oxidized to Fe*!, producing Hy
which likely caused the pH increase in corrosion experiments with Mont
Terri water (Eq. (3)). Experiments conducted with MilliQ water instead
show the pH to be slightly acidic, likely caused by preferred hematite
formation that may result in the production of H in solution (Eq. (2)).
Due to the reduced oxygen solubility in the saline Mont Terri water,
magnetite becomes the preferred iron oxide instead of hematite. This
transition to preferential magnetite formation will allow for the majority
of Fe** to undergo the Schikorr reaction [71], wherein the protons of
water oxidize Fe?" to form the Fe?'/Fe®* oxide [72,73]. During hy-
drothermal corrosion at 250 °C, chromite forms as a
chromium-containing secondary phase exclusively at the metal-metal
interface of 316 SS which suggests a possible galvanic corrosion effect
involving Zircaloy-4, or the confined interface providing an environ-
ment different from the bulk solution to stimulate 316 SS corrosion.

3.6. Solid phase redox pairs

The redox potential between solid phases was determined based on

316 Stainless Steel

Residual
oxygen

Hematite formation
4Fe?* + O, + 4H,0 > 2Fe,0, + 8H*

the reported Ee; (V) values vs. SHE and the Gibbs free energy relation to
evaluate the spontaneity of the redox reactions between solid phases:

AG = -nFE 4)

Results show magnetite to be the preferred phase in the iron/
magnetite and magnetite/hematite redox pairs at the experimental
temperatures of 150 °C and 250 °C:

Ecen(150°C) = 0.004V

3Fe + 4H0-Fes04 + 4l | (250°C) = 0.028V )
Ecell(lsooc) = 0.095V

Fe + Fe;03 + H,O—-Fe;0,4 + Hy Eeen(250°C) = 0.12V 6)

3Fe,0 + Hy—2Fe,0, 4 Hy0 Leet(150°C) = 0.268V )

Ecen (250°C) =0.271V

The identification of magnetite as early as 1 week into corrosion in
both MilliQ and Mont Terri corrosion experiments implies that Eq. (5) is
likely an active redox pair as soon as corrosion initiates. However, the
preference of magnetite in the magnetite/hematite redox pair appears to
be slightly suppressed due to the presence of hematite in 3-week
corrosion experiments. This appears to be most pronounced in MilliQ
water experiments, where hematite remains commonly observed past 3
weeks of corrosion. This may be due to the formation of magnetite from
iron described in Eq. (5) being controlled by other factors in MilliQ
water experiments, or by non-redox based interactions between
magnetite and hematite. Nonetheless, the repeated identification of
magnetite past 1 week across Mont Terri experiments (150 °C and 250
°C) and some MilliQ experiments (250 °C) at the very least implies that
the corrosion of the canister/cladding system trends towards low po-
tentials that allow magnetite to be stable. Assuming that corrosion
proceeds mainly by Eq. (5), formed hematite may be reduced to
magnetite through the use of unoxidized iron (Eq. (6)) or by molecular
hydrogen (Eq. (7)). This in return may allow for Fe" to act as a strong
redox buffer in the system, and additionally supports the idea that he-
matite was not observed at thermodynamic equilibrium due to it being
reduced back to magnetite.

The redox potential pair of chromium/chromite was also calculated,
showing that chromite formation is spontaneous at 150 °C and 250 °C:

Ecan (150°C) = 0.465V

2+ +
Fe“" +2Cr + 4H20—>FeCr204 + 3H2 + 2H Eceu(250"C) — 0.503V

(8)

Despite chromite formation being predicted by HCh to be sponta-
neous at 150 °C, no chromite was detected in corrosion experiments
conducted at 150 °C which suggests that formation of chromite is slow.

Zircaloy-4

Chromite formation

|

Fe?* + 2H,0 - Fe(OH), + 2H*

Magnetite formation (Schikorr reaction)
3Fe(OH), > Fe,0, + 2H,0 + H,

Fe + 2H* G Fe + 2Cr + 4H,0 Zr + 2H,0
N2 N i
Fe?* +H, FeCr,0, + 4H,

Zr0, + 2H,

Fig. 11. Proposed reactions at the 316 SS and Zircaloy interface.

11



The experimental identification of chromite exclusively at the metal-
metal interface of 316 SS at 250 °C shows that the contact of Zircaloy-
4 on the 316 SS surface may accelerate the corrosion of 316 SS to the
thermodynamic equilibrium predicted by the HCh software. While
temperature may be playing a role in assisting chromite formation, the
observation that chromite forms exclusively at the metal-metal interface
on 316 SS strongly suggests that Zircaloy-4 contact is exerting influence
on the growth of chromite on 316 SS. This accelerated corrosion may
have implications on the role of 316 SS releasing the redox-buffering
Fe?" and Hj into the corrosion system due to the passivating effects of
chromium oxides on steel.

3.7. Non-Redox influences

As previously noted in Eq. (1), it is possible for magnetite and he-
matite to interact with each other through acid-base interactions instead
[45-47]. Given that Eq. (1) was reported to be fast even in reducing
conditions [45,47], non-redox reactions may have took place in our
experiments and could explain the continued presence of hematite after
the consumption of the residual oxygen. The effects of the non-redox Eq.
(1) are likely most pronounced in the MilliQ water experiments where
corrosion is expected to be slower due to the lack of electrolytes facili-
tating charge transfer for redox reactions. The generally slower corro-
sion rate by lack of electrolytes and slightly acidic pH measured in
MilliQ water experiments may explain why hematite was detected more
commonly in MilliQ water experiments; the relatively slow oxidation of
iron into magnetite may have been followed by a relatively quick
acid-base reaction to leach out Fe". This also explains why the char-
acteristic ~667cm’! A1g band of magnetite is often detected as a minor
peak along hematite, as not all the Fe?" in magnetite may have been
leached out to yet form pure hematite. There is also a possibility that the
reverse of Eq. (1) may be occurring in both MilliQ and Mont Terri ex-
periments at 250 °C, which could contribute to the consistently lower pH
compared to 150 °C experiments and how magnetite seemingly forms
more commonly on the metal coupons.

4. Conclusions

To probe the influences of interfacial contact towards the integrity of
the waste canister and cladding material during technical barrier failure,
elevated temperature and pressure hydrothermal corrosion experiments
were conducted with the waste canister material (316 SS) in contact
with the cladding material (Zircaloy-4). Two different water composi-
tions, MilliQ water and Mont Terri water were tested. At 150 °C, for-
mation of hematite, magnetite, and baddeleyite was observed, with
chromite additionally forming only at 250 °C on the metal-metal
interface. Hematite was detected more commonly on the coupons in
MilliQ water, likely due to the lack of electrolytes making magnetite
formation slow followed by the relatively fast transformation to hema-
tite. Magnetite, on the other hand, forms preferentially in Mont Terri
water after 3 weeks of corrosion which implies a transition to more
reducing conditions. Higher temperatures of 250 °C appear to assist in
magnetite formation and therefore, assists in achieving more reducing
conditions due to the observation of octahedral magnetite in corrosion
experiments conducted in both MilliQ and Mont Terri experiments as
early as 1 week into corrosion. Chromite was only observed to form at
250 °C at the metal-metal interface, which suggests that the contact of
Zircaloy-4 influences the corrosion of 316 SS. Both redox and non-redox
reactions involving magnetite and hematite were occurring, with the
non-redox reactions taking more influence in the MilliQ water and in
scenarios where formed chromite may passivate the 316 SS surface.

Thermodynamic modeling using the HCh software predicts the pH to
increase and redox potential to decrease as corrosion proceeds to ther-
modynamic equilibrium. At equilibrium, magnetite, baddeleyite, and
chromite were predicted to form. Thes computational results are
consistent with the experimental observations in Mont Terri
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groundwater and suggests that Mont Terri groundwater will trend to
thermodynamic equilibrium. Chromite being a thermodynamically
predicted product by HCh, was observed exclusively at the metal-metal
interface in our experimental results which suggests that Zircaloy-4
contact influences 316 SS corrosion by seemingly accelerating its
corrosion to thermodynamic equilibrium possibly by galvanic corrosion.
While the implications for the acceleration of 316 SS corrosion by
Zircaloy-4 contact is still unknown, the accelerated corrosion may allow
for further release of Fe?* and Hj into the intruding groundwater to
provide a redox buffer when the canister and cladding fail. This may
help in ensuring that the redox potential of the intruding water remains
reducing throughout the lifespan of the repository even during barrier
failure.
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