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Abstract — The sodium cooled fast reactor is selected in Feaas the 4th generation of nuclear power plant. 4th
generation’s reactor vessel, primary loop structiend heat exchangers will be made of austenticless steels (316LN).
To assess reactor service life time, corrosion wdtanitic stainless steel by liquid sodium is stddin normal operating
conditions as well as in transient conditions eitegpected or not. Oxygen, one of the main impsg;jtbut present in trace
amounts (1 to 10 pg/g or ppm weight), plays a magde on corrosion phenomena of the steel, although totally
understood yet. Literature reports an increasedalistion rate of steel or even of pure iron witlergasing oxygen content
although no thermodynamically stable iron oxidesexiat low oxygen content. Oxygen is only knowfotm sodium
chromite scale (NaCrg), those behaviour is, however, little documentased on corrosion tests performed in the static
sodium test device (“CorroNa”) at 550°C for an oeygcontent initially of about 1 ppm in weight oner, and about 5-10
ppm after 4600h of test, either a really small digSon rate or small sodium chromite scale forrati(NaCrQ) are
observed. Dissolution and carburation are obserf@dspecimen immersed since the beginning of gtewdile oxidation is
the main feature observed for the specimen immetsedg the last periods of the test. Some asp#dise morphologies of
this oxide scale obtained by scanning electron osicopy (SEM) or transmission electron microscodyMY as well as by
Glow Discharge Optical Emission Spectroscopy (GDBDEre presented. Discussions and explanationsesfet apparently
opposing results are given based on thermodynamatyais, as well as their possible consequencerefmtor operation.

[. INTRODUCTION

The use of liquid sodium at high temperature on the
long term is envisaged as coolant for Sodium FastcRors
(SFR), which are being evaluated by CEA for a fatur
generation of nuclear reactors (60 years — 350°6505C)

[1]. The chemical conditions of impurities presentrace
levels in the liquid sodium may vary with the oparg
time (normal, transient and incidental), meaningt thny
interactions of the liquid metal with structural tewals
must be well known, well understood, and possibly
predicted to guarantee service life-time as well as
resistance to incidental conditions, even thougke th
corrosion related phenomena of austenitic steeks ar
reported as limited both by literature and by operal
feedback from built reactors [2, 3]. However, longe
service-life time and chemical transients are now
reconsidered [4-7]. One of the main corrosion patans
apart from the temperature and the hydrodynamicthef
liquid metal is the dissolved oxygen content, asténds
for one of the most important impurity in such lidumetal
systems. Although its exact role is still unknowrygen is
reported to increase the corrosion even at thesrbevels
either by catalysing the dissolution of iron (butt rof
nickel) or by promoting excessive mass transfet(g-

The dissolution phenomena is described as an
homogeneous dissolution of the alloying elementhef
steels, which steady state is achieved after asitanh
driven by reduction of native oxides and prefewnti
leaching of some elements (Ni, Cr, Mn, C) that leathe
transformation of surface layer of the austenite fierrite
scale after a few hundreds to a few thousands afsho
depending of the temperature. This scale then aisnthe
homogeneous dissolution of the steels by actingaas
diffusion barrier. Dissolution is reported to be@m
significant above 600°C and lies in the range ofl@lum
of steel dissolved per year in addition to the 1pdfl of
degraded austenite. Semi—empirical corrosion modeds
available [11, 12], which can be used to assesarthss
transfer of activated corrosion products such®@o or
*Mn in the primary systems [10]. Extrapolation ore th
long term, however, fails to predict the extent tbe
corrosion observed of sample presentinth1@f operation
[13]. For slightly higher oxygen content (few ppm),
oxygen forms a ternary oxide scale of Nagr@odium
chromite) on chromium alloyed steels interface pedfic
conditions [14] and accelerates intergranular patiet
for higher oxygen levels [15, 16]. Qualitativelysgparate
corrosion domains may be defined: oxidation by the
formation of sodium chromite scale when the oxygen



activity is high enough and dissolution of the Eeghen
the oxygen activity is low enough. Oxygen threshcésh
be figured out by thermodynamic relations as fuorctdf
the temperature and chromium activity of the irdeef
where reaction takes places. Result depends ofidte
used such as the oxygen solubility and the freegese of
formation of the double oxide. For instance, thitica
oxygen content at 500°C for the sodium chromite
formation is given by Shaiu [17] as 2.2 ppm for tuni
activity of chromium. This concentration is withithe
expected concentration range for reactors opemafpri0
ppm), meaning that the thermodynamics conditions fo
oxidation is encountered in reactor systems.

It is thought that oxidation takes a non-negligipbet
on the overall corrosion kinetics, as a result wfcessive
or simultaneous corrosion mechanisms [18], indudhmy
need for an accurate reassessment of each meclgnism
independently from each other’s. This required the
development of liquid metal setup for separate ceffe
studies [6]. While the oxidation mechanism is unsteidy
elsewhere [16, 18-19], as oxidation mechanism wasou
now little documented although regularly observdt
objective of the test presented here is to reinyats
mechanisms of dissolution at 550°C in low oxygenteat
in order to characterise morphologies at the firsstle
available by scanning and transmission electron
microscopes (SEM, TEM) and surface characterization
using glow discharge-optical emission spectroméBip-
OES).

[I. MATERIAL AND CORROSION CONDITIONS

The tested material is an austenitic stainlesd siee
the grade X2CrNiMol7-12-2, nitrogen controlled,
elaborated in accordance with the RCC-MR codifarati
(RM 3331 level 2). After rolling, the steel was aafed at
1120°C and quenched in water. Its composition \emiin
Table I. Mean grain size is between 30 to 40 ume Th
specimens were machined by wire electrical dis@arg
machine (EDM).

The tests are run in a static sodium device “Coa’'oN
[6]. The sodium is contained in a molybdenum crigciia
furnace heats the thermal well where the crucibkeet. All
of this is set below an argon purified glove boxatth
simplifies all operations required for preparatadrthe test
and handling of the liquid metal. During corrosiest, the
system is perfectly tight towards both the atmosplaand
the argon of the gloves box. Before testing, th©9%o
pure sodium (provided by Métaux Spéciaux - ER grasle
melted and the free level is skimmed out in order t
remove sodium oxide present in excess. A low teatpes
step at 108°C is done for 300 hours (decantatioiigvied
by skimming out any residual oxides present atftke
level. Then, a last purification step is done aghhi
temperature (628°C during 75 h) with large surface
zirconium foil (150x300x0.125 mm) to getter anyides
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oxygen. This foil is removed after the purificatistep.
The oxygen is then assessed to 1 ppm or lower. The
qualitative appearance of the free level confirmtbid
assessment (perfect mirror). The specimens are then
immersed in liquid sodium at 110°C and the system i
tightly closed. Sodium is heated to 550°C at 0.5fi@/

The temperature is kept constant for several daygeeks

and decreased at 0.5°C/min, to remove one setroplea
and reintroduce another specimen. 5 exposure [Eewede
done on that same principle: 650h (1) — 900h (2p80h

(3) — 900h (4) and 650 hours (5), roughly, in orter
double the sample exposed during the same duration,
respectively 650h (period 1 or 5), 1500h (period? br
4+5), 3050h (periods 1+2+3 or 3+4+5), 3950h (peyiod
1+2+3+4 or 2+3+4+5), and 4600h (periods 1+2+3+4+5,
both specimens). It is critical to note that haff the
specimens are exposed from the beginning of thevdte
others were exposed during the last periods oftésée
Others specimens were exposed during the samegests

as steels (Fe-9Cr-1Mo, 800 alloys, pure Ni, Fe, & &t
ceramics (Alumina, hafnie). The surface over voluaté

is estimated to 0.9 dhmainly due to the steels specimens
(3 dm#2.8 dm of sodium). After immersion in liquid
sodium, the specimens are washed with 99.9 % pure
ethanol (provided by Carlo Erba) in order to remove
metallic sodium from the sample surfaces and anmedtin
desiccators. After the first washing and weightiagecond
rapid cleaning in pure water is performed.

TABLE |
Composition of the 316LN stainless steel tested.

Element| Concentration (wt. %)
Fe Balanced
Cr 17.27
Ni 12.13
Mo 2.54
Mn 1.74
C 0.026
Si 0.31
P 0.025
S 0.001
N 0.069
B 0.0004
Cu 0.0029
Co 0.09

The specimens are then weighted to get the weight
variation. Morphological characterizations are pgrfed
by means of electron microscopy: Scanning Electron
Microscopy (SEM), the device Zeiss - Gemini ulti& iS
used to characterize surface and specimen crotiergec
In both cases, Energy Dispersive X-ray analysedare
(EDX, device: Bruker AXS Flash Detector 4010). Dept
elementary profiles are obtained from the interfdme
Glow Discharge Optical Emission Spectroscopy (GDSQE
device: Horiba Jobin Yvon GD-Profiler 2). The



concentration profiles are performed on a 4 mm diameter
area, with a 2.5 nm depth resolution. In addition, a thin
slice is extracted from one the 2 specimens exposed during
4600 h from the beginning of the test by using a focused
ion beam (FIB) mounted in a SEM STRATA 400S (FEI)
after the deposition of a tungsten layer on the surface. The
slice is cut and pasted to a Mo grid. Molybdenum was
preferred to copper for the grid to allow for a better
detection of sodium. After an additional ions thinning step,
the slice was observed by transmission electron on the
Osiris device from Tecnai at 200 kV. Transmission electron
microscopy (TEM), high resolution TEM (HRTEM),
scanning TEM (STEM), EDX and EELS were the
techniques used for imaging and analysing. The use of the
molybdenum grid prevents any quantification of the Mo
element by EDX.

IIT. RESULTS AND DISCUSSION

The 316LN specimens present 2 distinct behaviours
depending of the period of exposition, either from the
beginning or for the last periods of the test. These separate
behaviours happen despite the fact that the specimens were
exposed to liquid sodium for at least one common
exposure period. While the weight variation is positive in
both cases, the net weight gain is about 100 times higher
for the specimen exposed for the last 650h when compared
to the specimen exposed for the first 650h: 0.5 to 0.005
mg/dm*day. Based on the weight variation of all
specimens, the kinetics present a smaller but still
significant discrepancy: + 28 mg/dm?/y when compared to
+2 mg/dm?y. Weight variation is calculated with the
weight measured after the 2" cleaning with pure water,
which is supposed as more reliable. Indeed, the weight is
systematically lower, meaning metallic sodium was
remaining on the surface layer of all specimens. Based on
our recent feedback [16, 18, 20], this indicates that sodium
remains on porosities created by the corrosion at the
surface layer. Reaction of sodium with ethanol is
incomplete or slow due to the formation of thin film of
reaction products that controls the transfer of ethanol to
sodium.

These 2 distinct behaviours are from then on referred
to oxidation and dissolution for convenience.

III.A. Oxidation characterisation

This feature is observed for specimen exposed after
the first exposure period up to the last period of test
(periods 2+3+4+5, 3+4+5, 4+5 and 5). Their appearance is
mostly metallic, with black patches for 3900h (periods
2+3+4+5), but evolves to complete black layer for the last
650h of the test (period 5). Fig. 1 shows an example of the
typical oxide surface of samples corroded during 3900 h at
550°C, observed with the SEM. Triangular shaped crystals
are observed on the surface; EDX analyses show that these
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~1 pm-large crystallites are chromium, sodium and
oxygen-rich. Based on previous and numerous
observations that included XRD analyses [16, 18], these
crystals correspond to sodium chromite. Below these
crystallites, small grains rich in Mo and Fe of less than 100
nm in size are observed in between porosities.

Oute 1908 013
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— WO 66 mm Gt - 4801 1 Wom do Fichir = LN #Y J920N 1158

Fig. 1. Photo and SEM surface observation (secondary
electrons) of the sample (20x30x1.5 mm) immersed during the
last 3900 h (periods 2+3+4+5) of the test at 550 °C in liquid
sodium with low oxygen content.

Both cross section observation of the oxide zone and
GD-OES depth chemical elemental profiles (Fig. 2)
confirms the typical morphology of NaCrO, formation: a
quite uniform scale enriched in Na, Cr, and O is found at
the interface. Its thickness is about 500 nm and seems not
function of the exposure duration.
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Fig. 2. GD-OES depth chemical profiles in log. scale of the
oxide zone for the sample immersed during the last 3900 h
(periods 2+3+4+5) of the test at 550 °C in liquid sodium with low
oxygen content.

Then, a Cr depleted zone appears, large of about 1 pm,
without indication of any preferential leaching of Ni
compared to Fe. Its thickness is quite steady during the
test. In between, a Mo enriched zone of about 0.1 to 0.2
um in thickness is found. In addition, silicon appears
slightly enriched in the Cr depleted zone, which might
correspond to internal oxidation with formation of SiO,
already observed [18, 21]. The sodium profile extends to 4
to 6 um in depth corresponding to a sodium diffusion zone,



which represents the largest layer observed. This
observation is not or little documented in the literature
except in recent observations done within the same
research group [16, 18-22], which is explained by the
choice of the soft cleaning procedure and surface layer
analysis by GDOES. Carbon shows as well diffusion-
precipitation profile specific of carburation, which is more
intense and larger than the one caused by EDM machining.
This seems to be restricted to the Cr depleted zone.

The black patches are clearly identified as sodium
chromite scale, whose thickness seems steady with the
exposure time, but surface extension increase with the last
period of test, even though the duration of the last period
are shorter. To the contrary, the metallic zone of these
samples shows features similar the surface of the specimen
exposed since the beginning of the test that remained shiny.

II1.B. Dissolution characterisation

The appearance of specimen immersed from the
beginning of the test keeps metallic and shiny. It seems
unaffected by the sodium with no apparent evolution with
the exposure duration (periods 1 + n + m + ...). Fig. 3
shows an example of the typical surface observed with the
sample corroded during 4600 h at 550°C. However, the
surface observed with SEM appears covered with grains of
different size and nature to the notable exception of oxides.

el (= | e e wwm | emen

Fig. 3. Photo and SEM surface observation (secondary
electrons) of the sample (20x30x1.5 mm) immersed from the
beginning of the test for 4600 h at 550 °C in liquid sodium with
low oxygen content.

A zone of high contrast in secondary electron,
probably enriched in heavy element (Mo) is observed. The
size ranges from 300 to 600 nm. The structure is similar to
coral as it presents rounded shape with holes of about the
same dimension (500 nm). The rest of the surface presents
grains of matrix of 500 nm to 1 um in size. These grains
are separated with porosities that apparently increase in
size with exposure duration. This zone may indicate a
transitory state preceding the zone with high contrast.

These porosities contain traces of residual sodium,
indicated by the SEM observation of the reaction products
of sodium with air. Indeed, needles of sodium carbonates
might be observed on some sample and sodium hydroxide
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is thought to blur SEM imaging. These products make a
white veil on sample left in the open air for a few days.
This veil reappears after cleaning as long as some sodium
metal remains in these porosities. Lastly, faceted
crystallites of about 1 pm in size are seen on surface as in
Fig. 3, rich in Cr or Fe. Some others are rich in Cu (250
nm).

Both cross section observation of the dissolution zone
and GD-OES depth chemical elemental profiles (Fig. 4)
confirms the homogenous surface corrosion layer large of
3 to 4 um after 4600h, which became almost steady after
1500h of sodium exposure. This surface layer is not related
to any oxide except maybe for the first 200 nm, which is
related to contamination after the sodium test.
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Fig. 4. GD-OES depth chemical profiles in log. scale of the
dissolution zone for the sample immersed from the beginning of
the test for 4600 h at 550 °C in liquid sodium with low oxygen
content.
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Fig. 5. GD-OES depth 4600 h Cr profile of the Cr depleted
zone and method of estimation of the extent of Cr depleted zone
(c : Cr concentration of the bulk, x : depth for 90% of c).

The carbon profile indicates a significant carburisation
of the surface layer that includes both diffusion of carbon
up to a 3 pm depth and carbides precipitation on the first 1
to 2 um. Indeed, the change in slope for the carbon profile
in the carbide zone corresponds with those for the Cr and
Mo profiles. Cr and Mo both present enrichment in this
zone together with C. In addition, carbon concentrations
are as large as 0.5 to 2.5 atomic % when compared to the
0.12 at. % of the bulk. This zone is followed by a Cr and
Mo depleted zone, whose extent is estimated by the depth
corresponding to the moment when Cr content recovers



90% of its bulk value (Fig. 5). The depleted zone thickness
becomes more or less steady after 3000h of sodium
exposure with a value close to 2 —2.5 um.

No preferential leaching of Ni from the austenite
matrix is observed, but this effect might be masked by the
superposition of other effects. Indeed, a sodium diffusion
zone is also present to a lesser extent than for oxidation: 5
pm at the most. The larger content in sodium on the first
micrometer corresponds to porosities filled with sodium,
which indicates the extent of these porosities in the surface
layer, which seems to increase in size with sodium
exposure duration.

Cu profile presents enrichment on the first 200 nm that
corresponds to the Cu crystallites observed by SEM (mean
size of about 200 nm). The source of copper comes from
the 2-3 um Cu depletion of the steel indicated by the same
GD-OES profile, according to a dissolution mechanism
followed by precipitation that might be delayed to the
temperature decrease step for specimen extraction. Indeed,
Cu solubility is assessed to 55 ppm in weight [2], and is
analyzed on all samples (ethanol cleaning solution),
indicating a mechanisms of mass transfer that occurred in
between specimen through the liquid metal.

Features of the so called dissolution appeared as the
superposition of carburization and dissolution. Although
the dissolution mechanism’s is not clearly evidenced, it
appears related to the formation of cavities and dissolution
of Fe and Ni (as well as Cu, which stands here for a marker
for this mechanism) from the surface layer together with
the formation of Mo rich nodules at the interface. Chemical
analyses of the ethanol used to clean each independent
specimen do not show any saturation effect of iron with
increasing exposure duration, as the concentration continue
to increase with exposure time, but present some effect of
mass transfer and deposition between samples. As the
surface layer presents carbide precipitation as well as
sodium penetration, it is difficult to separate each effect
independently. The weight variation is then the result of
mass balance of each effect: loss of Fe, Ni and Cu by
dissolution, gain of carbon and sodium by transfer from the
liquid metal as well as mass transfer and precipitation as
Cu or Fe crystallites at the interface. It cannot represent, as
such, any dissolution kinetics. Further characterization was
required.

III.C. Dissolution by TEM

The TEM characterization of the thin slice extracted
by FIB technique from the 4600 h specimen (period
1+2+3+4+5) revealed the presence of various inclusions in
the surface layer and crystallites precipitated on the surface
(Fig. 6):

1- 90% Fe-rich grains of 400-800 nm in size in the
surface layer, most probably ferrite;

2- Mo-rich grains of 200 nm in size at the interface,
which may be carbide or Chi intermetallic phase;
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3- Porosities of 500 nm in size, which may be grains
ripped off during sodium test or sample preparation.

4- Fines inclusions of 10-50 nm in size in the Cr
depleted zone, rich in Si and O (ratio !%); which
corresponds to internal oxidation with SiO,
formation;

5- Cr-rich spherical inclusions of 100 nm in size, which
are intra-granular Chromium rich carbide and are
noticeably absent from ferrite grains;

6- Crorich crystallites on the surface, which are
Chromium carbide as confirmed by EELS techniques.

A chromium diffusion profile is measured below the
chromium carbide precipitated at the surface by the EDX
technique. The depth is about 1 um, which agrees with the
Cr depleted zone measured by the GD-OES. However, the
profile is disturbed by Cr-rich carbide precipitated within
the matrix, making it difficult to derive to a clear
conclusion, except that the chromium content in the alloy
of the surface layer is lower than in the alloy bulk.
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Fig. 6. Scanning transmission electron microscopy bright
field imaging (top) and high angle annular dark field (Bottom) of
surface layer of thin slice extracted by FIB from the surface of the
sample immersed for 4600 h at 550 °C in liquid sodium with low
oxygen content.

All previous observations are then confirmed and
detailed: carbide precipitation on the surface (Cr,C) as well
as intra-granular carbide precipitation together with the
formation a Cr-depleted zone of about 1 um thick, where
Ni seems to keep steady. The grains of ferrite present at the
interface are either due to EDM machining artefact or due
to the dissolution mechanism. This requires further
examination before to conclude that this ferrite grains
represent the first signs of the ferrite scale formation that



are formed by preferential dissolution of Ni in Cr depleted
matrix.

In addition, internal oxidation markers are
characterized, which must be further understood. Does it
indicate an oxidation transient by formation of NaCrO,, as
it was already observed to go along with internal
oxidation? This oxidation step should then have been
followed by chromite scale reduction, proving the
complexity of the various mechanisms at play in that kind
of system depending on the fine variation of the chemistry
of the liquid metal system.

II1.D. Thermodynamic analysis

Both oxidation and carburisation result in the
formation of Cr depleted zone. In order to understand how
2 separate mechanism of corrosion can happen at the same
time during the sodium test, the source of contamination in
carbon and oxygen must first be discussed before to go for
thermodynamic analysis.

During this corrosion test performed in static
conditions, the liquid metal chemistry may have derived by
2 factors. First, a gradual contamination in oxygen occurs
at each extraction of specimen, as it requires opening the
setup. The liquid sodium at 120°C gets into contact with
the argon, which cannot be sufficiently purified as regards
sodium. This contamination is arbitrarily assessed to a few
ppm corresponding to the saturation at 120°C, but no
justification could be given that higher contamination by
supersaturation was prevented. Higher oxygen content by a
few ppm is then expected at the beginning of each
exposure period. Unfortunately, no means of oxygen
monitoring exists for the moment for such low level of
dissolved oxygen despite the developments pursued within
the laboratory for vacuum distillation implementation and
oxygen sensor development by mean of innovative ceramic
[23]. Secondly, carbon is an unavoidable impurity in
sodium [24], especially for newly prepared sodium where
any buffer effects with structures are prevented. It presents
a large carbon activity with dissolved species able to
carburize the alloys by carbon transfer (Na,C,). It is
thought that carbon might decrease with the exposure time
that would explain why the competition in between the 2
mechanisms goes in favor of oxidation when compared to
carburization at the end of the test.

As a conclusion, the initial content in oxygen that was
low thanks to the initial purification gradually increased
with the exposure time by a few ppm, while the initial
carbon content that was initially high may have gradually
decreased because of its consumption for carburizing the
specimens.

The threshold oxygen content for the precipitation of
sodium chromite can be assessed by thermodynamic
analysis. Fig. 7 represents the oxygen potentials plotted on
an Ellingham kind diagram as a function of temperature
with either different oxygen activities in liquid sodium or
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different chromium activities at the reactive interface as
parameters [21]. The red dotted line represents the constant
concentration line for 10 ppm in weight that represents
roughly the upper threshold for reactor operations.

For steady temperature system, the critical oxygen
content for the formation of NaCrO, depends on the
chromium activity: the lower the higher the oxygen
required. Fig. 7 plotted the equilibrium line for various Cr
activities: 1 for pure chromium metal and 0.32 for 316LN
[25]. Experimental observations on 316L are also plotted
and fitted [26], corresponding most probably to a
chromium activity lower than the alloy bulk activity
because of the Cr depletion of the surface layer in a way
very similar to our observations.

400 450 S00 550 600 650 700

—
-

AG, = RTInPO, k)/mok(0,)

acr decreas-

0.1 ppm
750

Fig. 7. Oxygen potentials in the Cr-O-Na system as function
of temperature for sodium oxide and chromite oxide formation
(Free energies of formation for Na,O and NaCrO, from Hsc. 5.11
software, Thorley oxygen solubility relation, experimental
observations of sodium chromite on 316L plotted as full square
with mean squared fitting [26])

In others words, the oxidation depletes the surface
layer in chromium, lowering the Cr activity and increasing
the oxygen concentration required for further oxidation
into NaCrO,. The oxidation zone in the diagram is then
decreased in surface to the profit of the dissolution zone.
Supposing that a small contamination in oxygen gives an
oxygen concentration lower than the new oxidation
threshold, then the steel specimen will not oxidize as the
thermodynamic conditions are not fulfilled. If the specimen
encountered first carburization with the formation of a
similar Cr depleted surface layer, then these specimens will
also not oxidize when compared to newly immersed
specimen. In addition, if the total amount of oxygen of one
contamination reacts with a comparatively smaller size
when compared to the initial conditions where surface
exposed to sodium were larger, then, the oxidation gets
more significant. In other words, all of the available
oxygen reacts with smaller surface yielding thicker oxide
scale than expected with larger surface reaction.



V. CONCLUSIONS

In the end, even though the oxygen variation kept
within a tiny range to prevent oxidation of Cr dated
surface layer, it was nonetheless enough to promote
oxidation of newly immersed sample, giving the appa
opposed corrosion behavior of identical sample sggdo
the same conditions. Oxygen level of the test may b
assessed to lower than 5 ppm to prevent oxidation
according to the thermodynamic data (Fig. 7). Issae
still pending and require further studies, such the
kinetics of the various corrosion steps involvegidation,
reduction of the oxide scale, dissolution, carltation,
mass transfer and precipitation, etc.).

Finally, the dissolution mechanisms occurred during
the test but not in a separate way. It was eitloenbined
with oxidation or carburization, or with both ofetim. The
accurate control of the liquid sodium chemistry yad
complex and sensitive to little and unexpectedatemns.
Sodium - steel systems appeared to obey to the
thermodynamics to the condition to consider thefasar
layer of the steel in the system, which reaffirra tieed for
accurate data.

In an actual non isothermal circuit of a reactdl, a
these effects happen in the same way and are aritjia
of the chemical buffering effects supposed or oleserin
such leak tight liquid metal systems. Tight apglma of
purification procedures to limit to the minimum thstal
amount of oxygen in the system before high tempeeat
operation is clearly the best corrosion controligyol
Carbon cannot be purified specifically. Its acgwitill be
buffered to an intermediate level when the liquigtah
equilibrates with the structure. Carburization wetihance
the Cr depletion of the surface layer in a simiay that
oxidation. This means that new surface of composaah
as primary pump, intermediate heat exchangers,uer f
cladding pins will be more prone to oxidation dgrin
normal or off-normal chemical transients, such estart
after refueling, or contamination by air ingresfieneas all
other structure may well stay in their so-callegsolution’
domain. As a consequence, all of the available erygill
oxidize this small fraction of the total surfacedamot be
distributed on all structures, which would have stidated
a more favorable case. Small contamination of a fpm
might then be enough to concentrate the oxide scale
formation on little surfaces with potentially adser
consequences. Such behaviors are to be investigated
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