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Abstract

The kinetic aspects of the competitive reactio@@f and HO in the formation of chromia layer on a nickeldas
alloy at high temperature were studied by thermagratry combined to gas phase chromatography. & wa
shown that competitive adsorption occurred betwegh molecules and that whatevepP o ratio, CO

mainly reacted in the first instants of oxidatiomdd,O became the main long-term oxidant species. Asfter
interfacial and diffusion mixed kinetic regime, tloeg-term oxidation rate was parabolic and diddepend on
the water vapour content in the gas phase. Thataiukinetics was well described by considerirgf the rate

limiting step was the outwards diffusion of intéfat chromium cations in the oxide layer.
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I ntroduction

The understanding of high temperature corrosioallofs in mixed gas environments containing aggvess
species such as oxygen bearing specig®(80;, O,, CO...), carbon bearing species (£80,, CO...) or
sulphur bearing species (8®1,S...) is more than ever, nowadays, a major reseaezh Brogress is urgently
needed since most of the future technologies irvobmplex environments. In prospective nucleartp|atigh
Temperature gas cooled Reactor (HTR) is one tyixample of technologies involving the use of campl
aggressive atmospheres. It is a nuclear systemanitdl graphite core cooled by helium. From resugi
between the pollutants — out-gassing, air ingressd-the hot graphite core, the helium coolantaiosta
mixture of small amounts of impurities typically,HH,0, CO, and CHl Even if these impurities are highly
diluted in helium - only between a few tens to mens of pbar - they can react at high temperatypéally
between 850°C and 1000°C, with structural metatiaterials. Gas-metal interactions involved in HTéth
exchangers have been discussed in numerous paf#ishpd in the past three decades [1-6] and neaently
in France [7-14] and in the USA [15-17]. These vgohniave demonstrated that depending on the commositi
the chromia-former alloy, on the working temperat(850-1000°C) and on the partial pressures ovahnieus
gas species in helium, two main behaviours couldistinguished: either a passive corrosion behawased
on the formation of a stable, slow-growing, Cr-rtide layer on the surface or an active corrosiiih the
destruction of the surface oxide layer and the sgisnt decarburization or carburization of theyal8j. In the
passive region which is the behaviour desiredHermaterial, it is very important to know whathe oxide
growth mechanism and its kinetics in order to prettie component lifetime. It has been shown irtfid} the
oxide layer is formed in the first instant of exposby reactions with both CO and®and that these reactions
are in competition. At longer times, it appears tHgD is the main oxidizing species. Nevertheless pupotv,
several questions remain opened: What is the irattrlg step of the long term oxidation kinetics HyO? What
are the different reaction steps of CO an@®Hhvith the metallic surface which could explain tmempetition
between both species in the formation of the &irgtle layers? In order to progress on these questevery
innovating facility was conceived: a thermobalanas coupled to a gas phase chromatograph in ardgatt
both in-situ mass gain measurements and in sitsunements of each gas species’ consumption [18inFr
these data, the experimental reaction kinetics@fa@d HO with the metallic surface could be determined and
reaction mechanism with several steps (adsorpdiisspciation, diffusion...) could be proposed fortegas

species.

Experimental procedure

Material

The chemical composition of the tested alloy 61given in Table 1. Specimens of 45 mnf were machined
from a metal sheet of 2 mm thickness. The specknefaces were ground to 2400-grit emery paper inighed
with a diamond suspension of 3 um. Before testimgy were washed ultrasonically in acetone, theatwll,
dried and weighed.



Test facility

In order to make a well-controlled mixture of CQ, &hd HO in the pubar range, a bottle of helium contairang
low concentration of CO and a bottle a helium cionitg a low concentration of Hvere diluted into a main
flow of pure helium via parallel mass flow meteFsen, in order to remove any oxygen and water vafrom
the gas phase, the impure helium flow was passeddh graphite packed in a quartz tube and heaithihve
furnace up to 900C. The reaction of oxygen and water with grappiteduced CO and HFinally, the water
level was adjusted by passing through a contaititbrtemperature-controlled deaerated water. Thetexa
amounts of CO, Hand HO in the gas mixture were accurately measureddssgphase chromatograph and a
mirror chilled dew point hygrometer before injectim the thermobalance.

The measurements of the sample weight mass gaaaaeried out in a symmetric thermobalance whose
accuracy was in the microgram range. The rates®pgoduction or consumption were measured byahke g
phase chromatograph (GPC) every seven minuteg dliéihmobalance exit. The detection limit was (aru

The facility is shown in Figure 1.

Test conditions

Corrosion tests under hydrogen enriched helium diffierent amounts of CO and,& were carried out at
850°C. Before reaching the temperature of intg23tC/min), a plateau at 650°C for 2h was carrietlio order
to desorb gases from the sample. Then, the tenyperats increased up to 850°C at 1.7 °C/min. Tvferint
test campaigns were carried out. First, the infbeeof the water vapour pressure on the corrosioetikis was
studied by varying its amount from 2 pbar to 21niba mixture composed of 14 pbar CO, 130 pbainH
helium (He-14C0O-130}). Then the influence of the carbon monoxide pnesen the corrosion kinetics was
studied by varying its amount from 7 pbar to 60niba mixture He-5k60-130H. In all experiments, the gas
flow was accurately set to 43 L/h. Characterizatibthe corrosion layer was carried out by XRD, ERBEDX
and GDOES.

Experimental results

In-situ measurements of mass gains and GPC measur ements

The mass gain increase and the changes of the lefsghseous impurities in helium atmosphere dtieg
oxidation test of alloy 617 under He-14CO-130#ith low water vapour partial pressureyldars) are shown in
Figure 2. The gas phase analyses resulted fronsa badance performed between the output and the inp
measurements of the thermobalance. This was obtadmeone hand, by GPC for carbon monoxide and
hydrogen and, on the other hand, by measuremerttgearhilled-mirror dew point hygrometer for thetera
vapour. Depending on whether the content variatias positive or negative, the gaseous impuritiagwe
respectively either produced or consumed by thepkam

As shown in Figure 2, during the temperature ineeaap to 850°C, water vapour was consumed and gdro
was produced symmetrically. CO was consumed ashwekt much lower extent than water vapour. ttethto
be consumed at a higher temperature than watetsanthximum consumption rate was reached at 850°C.
Once reached the temperature, the production fdtedoogen and the consumption rate of water ambora
monoxide started to decrease with time. After 7 thes consumption rate of CO was nearly null whetea

consumption rate of water and the production rateydrogen were still non negligible until the eofcthe test.



They became null only during the temperature deeredhe fact that the evolution of the water corpsgion
and the hydrogen production were symmetric stronglicated that the sample oxidized byHaccording to
reaction (1):

XM+yH,0 —» M, O, +yH, Q)
The CO consumption indicated that CO reacted vghsample surface according to reaction (2):

xM+yCO - M,0 + \C, @)

with C;, the carbon in solution. We consider in (2) threbon was deposited in solution in the sample siace

solid phases such as carbides could be observed.

Mass balance

In order to check if the experimental mass gaireolEd on the sample was entirely due to reactipargd (2),

the theoretical mass gain considering (1) and i{@)the GPC analyses were calculated and compared.

Figure 3 shows m(Q), the mass gain calculated from theptloduction measured by GPC (indicating th©H
consumption through reaction (1)), mgg)the mass gain calculated from the CO consumptieasured by

GPC and reaction (2), the total mass gain from k?hand HO and the experimental mass gain m measured by
thermobalance. Figure 3 shows that the total maissfgom both CO and 30 was in very good agreement with
the experimental mass gain. As a consequencettilentass gain was exclusively due to reactionsit) (2)

during the whole corrosion test duration.

One very important result that should be obseradgigure 3 is that more than 90% of the total ngass was

due to oxidation by kD even if its partial pressure was about 3 timeglahan the partial pressure of CO.

Surface observations

Figure 4 shows the oxide layer formed on alloy 8aiface after the corrosion test at 850°C for Z0umder He-
14C0O-130H-4H,0. It can be observed that the oxide morphology lvedsrogeneous. The oxide which grew
above the metallic grains was mainly made of sarghtallites whereas the oxide formed above thaltiet
grain boundaries were thicker and with a foam-fik@phology. Complementary characterizations ofsiimgace
by XRD, GDOES and FESEM-EDX revealed that the o¥&er was mainly made of &; with an upper layer
enriched in Mn (XRD pattern: MrCr; 0O,) and titanium. From Figure 4, the oxide layer khiess reached
about 300 nm but could reach more than 1 pm aliw/enetallic grain boundaries. Below the oxide layer
several voids condensed at the metal/oxide interééxtl in metallic grain boundaries. Aluminium rich
intergranular oxides precipitated in metallic graoundaries up to several microns in depth. EDXyaim
combined with GDOES profiling of the oxide layevealed silicon enrichment at the metal/oxide irsteet
Since this element is well-known for segregatirapfrthe very first instants of oxidation [8], it ddibe
proposed that the oxide/metal interface correspmbmaere or less to the initial metallic surface.as
consequence, the growth of chromia layer was likelge mainly outwards. This proposition is in good
agreement with the observation of voids deepénerailoy which could result from vacancies condéosa
[19].



Influence of CO content on its consumption rate

Figure 5 shows the CO consumption over time forasion tests with different amount of CO from 7Bt ubar
in He-130H-5H,0. The hydrogen production (which indicated thectiea rate of water) and the mass gain
were roughly the same whatever the CO amount usttkicorrosion tests. First, it could be obsetthed when
the CO partial pressure increased in impure helthmmmaximum CO consumption rate defined at pojrieB
when 850°C was reached, increased. Then, duringl#éteau at 850°C, the consumption rate decreaghd w
time and tended to zero except for the highest @@gb pressure at 60 pbar since the consumptartest again
after 13h. This new consumption was not explained.

With 7 pubars, 14ubars, 28ubars and 6@bars of CO, the percentage of the total mass daimesample due to
reaction with CO was 3 %, 8 %, 8.5 % and 11 % rethpaly. Thus, even for a CO partial pressure nibea 12
times higher than the water partial pressure, tBecGnhsumption stayed a minor process. Finally, agom
difference in the oxide morphology could be obsdmwaen changing the CO partial pressure in theosan

tests.

Influence of the water content in helium on the maximum rate of CO consumption

In Figure 6 is shown the maximum rate of CO condionpas a function of water content in He-14CO-130H
could be observed that when the water contentase in the gas phase, the maximum CO consumgtien r
decreased. Moreover when the water content wasghetr than 17 pbar, CO did not react any more.

The observations in Figure 5 and Figure 6 thati@econsumption depended both on CO partial pressde
H,0 partial pressure in the gas phase suggestdidrat was a competition between both reactions ptgba
linked to the adsorption steps or interfacial reenst. The rate limiting step will be discussed néxtother
important result was that CO reaction occurred amipe first hours and was, thus, transienOHhvas the main

oxidant species both for short and long-term expasu

Influence of the water content on the oxide growth rate
Figure 7shows the mass gain of alloy 617 measured in-sitinédrmobalance in He-14CO-1308&k a function
of the water content in helium. It could be obsdrtieat the oxide growth kinetics was in all casasapolic and

that the oxide growth rate increased with the wagatial pressure in helium.

Discussion
Modelling of the CO consumption kinetics

The study on the carbon monoxide consumption oy d@lL7 showed that its maximum consumption (ineidat
by point B on the GPC analysis in Figure 5) wassiim to the impure helium composition. The diéfet
corrosion tests showed that it decreased whenati@bppressure of carbon monoxide decreased (geees)
or when the partial pressure of water vapour irexddsee Figure 6). To model the consumption kiset
carbon monoxide it is necessary, first, to write thaction mechanism, then, to know the limitirepstf the
kinetics, that is to say the elementary step whiath the lowest rate constant. In most cases, difius
phenomena are those with the lowest rate constauttsometimes the interfacial processes play goitant

role, especially for thin oxide scale such as the encountered in the first instants of oxide ghowio model



the kinetics of consumption of carbon monoxideahpB (which corresponds to the maximum rate of
consumption), let consider a chemical sorption ess@n the external oxide layer surface able torithesthe

competition between water vapour and carbon momoxid

The most common model of adsorption is to condidarthe gas molecule bound to a site on the surfac
without creating a new adsorption site (Langmuinsory [20]). Then, these species could form ofipercies
which were likely to be desorbed. For water molegcldt consider four different steps which may haseurred

on the oxide surface. To express the equilibriumstants of reactions (4 in the case of monolayer adsorption,

let consider the recovery factéf = 3 as variable wherg $s the initial concentration of available sites peea
S

unit and § the concentration of sites of sites occupiedd®cis i per area unit.
For adsorption and dissociation of®and CO, the following reaction steps with thejuiibrium constants are

proposed in Table 2.

Semi reaction Equilibrium constant
OH,,0-s
+ R - K= —2—
H,O0+s 0. H,0O-s 3) “= s PH.O (10)
OHO-s .OH-s
-s+ - -S + H-s K32= —= 7
H,O-s+ sO0'@- HO-s+H @) = s On,00 (11)
2
2H-s 08 H,+2s (5) Ke= PH,. (:Tsj (12)
-S
00-s .OH-s
- - H- < K= — -~
HO-s + sO0'@~ H-s+O- (6) % P Orox (13)
Semi reaction Equilibrium constant
fco-s
. _ KS5:
CO +s0®- CO- 7 %" 55 PCO (14)
0c-s .00-s
) . ) e KS6: TS T
CO-s+ sOfl» C-s+ O- ®) % e Dcox (15)
Os .
CsOT. C+s (©) Ks'= E- (16)
0c-s

with k; the constant rates of the elemental semi reaction.



Oxygen adsorbed on the surface of the oxide layes)(from both HO (reaction 6) and CO (reaction 8)
participates in the growth of the oxide layer ael@ases the adsorption site s. Hydroxyl species Oftén
presented in the literature was only considererk,tgs an non stable intermediate species andtduarticipate
to the edification of the oxide layer. This assumpis in good agreement with Lu et al.’s obseatihat the
OH/O ratio in the oxide layer formed on pure chromiat 450°C was lower than 0.1 [21]. Moreover,
considering CO adsorption, we preferred to considdirst reaction a "deposit" of pure carbon andhrface of
the oxide layer. Then, it is conceivable to exmgher basic steps where carbon formed chromiumcaxiide
or dissolved in the oxide. But all these steps wertedescribed here since they were not assumied tate
limiting in the mechanism of oxidation by CO.

From Eyring’s theory, the order coefficient for bapecies involved in elementary reactions is etjutie
stoichiometric factor of the species and is nullformal constituent of the unit cell or the matatihase [22]. If
one considers, now, one after the other, each ptisofdissociation steps as rate limiting (and eetjhg the
reverse side of each reaction since they are cereido be far from the equilibrium), the rate lamsch can
rightly describe a decrease in CO consumption whemartial pressure of,@ increases or when the partial

pressure of CO reduces are shown in Table 3.

CO + s~ CO-s

v, =k, .8s. Rco

By writting s as a function of the equilibrium constants of thteeo elemental steps and by using equation 8

below:
OH,0-S + OHO-S + OHS + 0Os +0s + OCOs +0Gs =1 (17)

one ends up with

v. = K PCO .a 18
T T PH,0.pB .y (18)
a= KK K RSPy, = KR2PH La(PH #K %K ReK R4 K R;ﬁ)g
y= K28 K2 PR (K 2P +a
CO-s+s 0~ Cs+O-s
B Pco
Vg = kg . (19)

(¢ .PCO+ g .PH,0+y)




KR3
a:K—]R:'g ﬂ W(KR4KR5K R6 JK R5K R4 PH +PH )2

KRQ\/@+a \/TF;‘“#K ROJPH
KR7(KR9) \/KiRs

The comparison between the experimental resultdtentvo equations (18) and (19) shows in Figutiea8 the
most appropriate rate limiting step to describeabgerved changes of the maximum rate of CO consomp
(point B) as a function of water and carbon monexpdrtial pressures is the CO dissociation (reag#® with
equation (18)).

Water vapour, which was responsible for more tha# @f oxidation, decreased the coverage in fres8iton
the outer oxide surface which resulted in decrepia amount of dissociated carbon monoxide pértiné on
the surface of the oxide layer (Figure 8). This petition between kD and CO on adsorption sites was also
observed by Anghel et al. when studying CO disdimeiaon chromium oxide [23]. Indeed, they obsertteat
CO dissociation decreased by increasing the pam&ssure of water in the gas phase. They conclirded,0
had a higher tendency for molecular adsorption tb@nand, as a consequence, blocked reaction suréaters

for CO reaction. Our results confirmed their result

Modélling of the H,O consumption kinetics

Since the total mass gain measured by thermobalaase&lue to reaction with,B for more than 90% whatever
the CO partial pressure in impure helium, the totaks gain measured by thermobalance could bedesadito
characterize the reaction of the sample witHAs a consequence, Figure 7 shows that the dcidedte by
H,0 looks parabolic which means that the rate lirgitstep was probably diffusional. However, as reméhdy
several authors [24-27], the growth of an oxideetagontrolled by pure diffusional process is geliera
borderline case and it is most common to obtairetigs that deviates slightly from theoretical bebaw
especially in case of very thin oxide films. Mix&thetic law introducing both a diffusion stepyXkand an
interfacial step (i is generally more appropriate to define the ghoaf an oxide layer [24-27]. After several

assumptions and calculi (see Appendix A), the mikedtic law could be written as following:

Ant + Bm+ C= 1 (20)

where the values of parametésB andC given in the second-order polynomial expressi@asmown in Table
A.1 (Appendix A).

The fitting of the experimental curves by equatf@fl) with A and B forced to be positive constar@@scan be
either positive or negative) was satisfying onlytlie oxidation test carried out under low waterorapartial
pressure (4 upbar, Figure 9). The values of A, B @ndere in that case equal to 116230, 11762 and4306

respectively. When the partial pressure of wates higher, typically 21 pbar, B was found to be rudlorder



to obtain the best fit for the experimental curwdjich meant that, in that case, the interfaciat i@instant k

was far higher than the parabolic rate constgainkl thus the oxidation rate follows the parablaiie.

As a consequence, with this kinetic model, the ghoof the oxide layer underybars water vapour would be
controlled by a mixed kinetic regime with a diffasiand interfacial step. In that case, khgalue and thé
value were found to be equal to 8,6%Ig.cmi*.min™ and 8.5.10 mg.cm®.min™ respectively. At HO partial
pressures higher than gbars, the kinetics could be considered as purélysibnal. The transition between
these two kinetic models as a function of the wasgrour content implies first, that the rate limiiinterfacial
step was dependent on the amount of water vapausetondly, that the rate of the interfacial reacti
increased rapidly with the amount of water vapauttst it was no longer limiting the growth of theide layer
at high content of water vapour. This effect waly ¢rue in the first time of oxidation when thediitens or
hundreds of nanometers of the oxide layer werd.biile variation of the parabolic constany) (#etermined
from the mixed kinetic model as a function of watapour content is presented in Figure 10. Despfieor
reproducibility, it can be inferred that the pardoonstant does not vary with,& partial pressure.
On the contrary of kvariations with HO partial pressures, the linear rate constawials found to increase
significantly (Figure 11).
In order to write the proper reaction mechanisntdeimg the external growth of the oxide layer ¢iny617,
the dominant point defect in the oxide layer shdagddetermined. For outwards oxide growth (Figyrewio
defects must be considered: chromium vacangy) @hd chromium interstitial (Qr On one hand, if the main
defect was chromium vacancy, the parabolic ratsteon would depend on the partial pressure of v&itee
the interface of formation would be at the oxids/gaerface [28]. On the other hand, if the maifedewas
chromium interstitial, the parabolic rate constantild not depend on the partial pressure of wateeshe
interface of formation would be at the oxide/métddrface [28]. These two cases are representBdjure 12.
Since it was observed that the parabolic rate aeohslid not depend on the partial pressure of waigure 10),
the main point defect responsible for the outwadd® growth was most likely interstitial chromiums.
The growth mechanism of the oxide layer assumédxtohromia could be divided into four basic stepgctv
are schematized in Figure 13:
» The surface steps associated to water adsorptiahhgdrogen desorptioat Cr,O; surface(external

surface steps)
The possible reactions of water adsorption on #igeolayer surface were detailed previously throtegction
(3) to (6).

» The formation of interstitial chromium cations hetmetal/oxide interfac@nternal interfacial step).
When chromium metal was incorporated into the oxisi@r; (according to the Kroger-Vink notation
[29]), a vacancy wascreated in the underlying metal electrons were injected for electrical neiiyral

The reaction could be written as following:

(Crcxr)a”oy O lr_Z[l_) (Cr;)|nt +( Vér)alloy *3e (21)



~q,x[e]’
with K(fcj]- :w (22)
acr

Considering that the activity of point defectslie bxide layer was equal to their concentratilﬁﬁﬁ could be

rewritten as:

[Crim ]int ' [VC)V( ]alloy ) [e']3

K& = , (23)

Then, the vacancy condensation induced void foonainder the oxide layer according to the following
reaction:

n( V&), 0~ null (- voids) (24)

1

with (Kezé‘)% s
[VCr]alloy

(25)
It would explain the observations of voids belovidexlayer inErreur ! Source du renvoi introuvable..

» The outwards diffusion of chromium interstitialsathgh the oxide layer.

Interstitial chromium cations diffused from the alétxide interface to the gas/oxide interface.
(Cr; )int e (Cr )ext (26)
This step represents the only diffusion proceghéroxidation mechanism.

e The reaction of chromium interstitial with adsorb@dygen at the gas/oxide interfatweform a new
oxide unit cell (external interfacial reaction).

2(Cri‘m)ext +30-5 + Gell @7 - e qr)oxide +(3 g))oxide *e (27)
3
avec K =—— 21 - ( b j (28)
I:Cri ]ext | [el] bo-

The global oxidation reaction of alloy 617 by wat2®) was obtained by the linear combination ofdHferent
reaction steps as following: 3*reaction (3) + 3tan (4) + 3*reaction (5) + 3*reaction (6) + 2*&n (21) +
2*reaction (24) + (S27), which results in:

10



3,0+ Ck), 00 4ck) +$Q) . +3 (29)

alloy oxide

3

with Kjg_:i.[ i J =(K 5K KK (K2 (K2, K2, (30)

)
H20

r

Rate of the diffusion step
From the oxidation mechanism proposed above, thediffusion step was the diffusion of chromium
interstitials from the metal/oxide interface to thes/oxide interface.

Its rate could be expressed as following:

_ Do
Yo = S0 [er] s (31)

whereDc,  is the chromium diffusion coefficient in the oxitiger, X(t) the oxide layer thickness and S, the
oxide area that is taken equal to 1°’cm

Photoelectrochemical measurements of the chromichroxide conductivity formed on alloy 617 have wio
that the semi-conductivity was n-type which medasteons were the predominant electronic speciexkWwn
model alloys with the same composition as alloy @dtth and without titanium have shown that titanium
dissolved in the chromium rich oxide layer and ftesemi-conductivity changed from p-type to neyg0].
This in good accordance with previous results aodioly that titanium (+4) dissolved in chromia adds
excendentary mobile electrons [31]. As a consecgiene considered the following Brouwer approximadtior

the electroneutrality conservation equation indkigle layer :
[e=[Ti¢, | (32)

By expressing{Cl’i"']_ tfrom steps (21) and (24) and combining Eq. (31h\&g. (32), the expression of the
n

diffusion rate becomes:

S . Dcr 1/n
Vit = W(Kﬁ)(@é) '(aCr)aIon (33)

Finally, by combining Eq. (33) and Eq. (A.2) (sepp&ndix A), it results that the parabolic kinetomstant did

not depend on the partial pressure of water:

2m.S . " "
kp = W(Kequ) (Kig) '(aCT)alloy (34)

11



This result is in good agreement with what was oleskexperimentally in Figure 10.

Rate of theinterfacial step

The variation of the linear rate constantvith the partial pressure of water that was olesgexperimentally
indicates that the rate limiting step must haveuoed at the gas/oxide interface. Since the adsorgtep was
not rate limiting neither for CO nor for,B (it is not possible to get such dependency lawdnsidering only
steps (3) to (6) or (7) to (9)), the rate limitisigp was likely to be the interfacial step (35)athtorresponds to

the formation of an oxide unit cell:

2(CF".)ext + SO-S + 6eD @_) e qr)oxide +€3 @)omde : (35)
P 3
T >
avec

P

— 5 6 7 8 _ \[ Ho

a= KeQ-'Kequecr.Keq. lg_ﬂpu- \/K77+1
eq.

K5

JKeq TP

From Eq. (36), in order to observe an increas@efbixidation rate with the water partial pressares should
consider that3 >>PH,0),

With such an approximation, the interfacial reactiate becomes:

3

.0
Vs =Kas - [TICr] ( i ) HZO (37)

ext’ \/Tz IB

As shown in Eq. (37), the interfacial reaction riate cubic function of f3owhich is in good agreement with the

experimental observations shown in Figure 14.

It is now interesting to compare the rates (catealdrom the kand k constants) that would be observed if the
oxidation was controlled only by one of the twopstediffusion or interfacial reaction.

By representing on the same plot the change i, lo¢ diffusion rate of interstitial chromium Eg3) and the
rate of formation of a chromia unit cell Eq. (3&yp distinct kinetic behaviours can be observededejng on
the water partial pressure value. On one handghtgartial pressure of water (higher than 10 pkibg

diffusion rate of chromium interstitial has the lewwalue at any time (Figure 15). As a consequethee,
oxidation rate of alloy 617 would be well descritiyda parabolic kinetics as observed experimentally

On the other hand, when exposed to a low partegdqare of water, and up to 10 pbar, the interfaesdtion at

the gas/oxide interface between adsorbed oxygewlauinium is slower than the diffusion rate of ahiom in

12



the first twelve hours of oxidation (Figure 16).\getheless, with the oxide thickening, the ratefabmium
diffusion through the oxide layer decreases praivesy to become roughly equal to the interfacéation rate
after roughly 12 hours. In that case the oxidakimetics in the first hours of oxidation is wellsigibed by a
mixed regime as observed experimentally in FiguréH® lower the water partial pressure in impurahg the
longer is the time at which the interfacial reatimpacts on the oxidation kinetics. After aboundited hours,

diffusion of cations becomes the rate limiting sé@g parabolic growth rate is observed.

Conclusions

Oxidation tests of alloy 617 at 850°C for 20h unitipure helium with 130 vpm fHand variable partial
pressures of water and carbon monoxide showedtbes was a competition between CO an@® Kbr
oxidizing the material. To react, the CO partiadgsure in helium had to be much higher than thenystrtial
pressure. It is concluded that the adsorption €3 Eihd CO molecules occurs on the same sites ahHiiBas
more strongly adsorbed than CO on thgdgisurface. As a consequence, the higher water ppréasure, the
lower surface reaction sites available for CO.

After a transient time (about a few hours) whichresponds probably to the time for growing a coneple
homogeneous oxide layer on the alloy surfac€ becomes the only molecule to oxidize the surfBge.
analyzing the variations of @ and CO consumption rates with time, a reactioohaeism for each molecule
could be proposed and compared to experimentatikidata. By taking several assumptions, it wasitbthat,
at a water partial pressure below 10 pbar, theatixid kinetic regime by y0 was mixed with an interfacial and
a diffusional reaction. The interfacial step wasyaate limiting in the first tenths hours of oxtitan. At higher
H,O partial pressures, the kinetic regime was orffgsional from the very beginning of the exposure.
Whatever the helium composition, the oxidation kiteewas well defined by considering the outwaiffudion
of interstitial chromium cations in the oxide laybr that case, the long-term oxidation rate wamébnot to

depend on the D partial pressure in helium.
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Figure 1 : Scheme of the experimental facility used for dagyout the oxidation test in well-controlled CQ-H
H,O mixture in helium and measuring the gas reactionsthe mass gain increase [18].

Figure 2: Evolution of the gas phase content@H, and CO) and mass gain during the oxidation test He
14C0O-130H-4H,0 for 20 hrs at 850°C measured between inlet Zraatl3 (Figure 1).

Figure 3: Experimental mass gaim(exp)) compared to the total mass gain calculated frgmriduction
(Reaction (1)) and CO consumption (Reaction (2)asneed by GPC during corrosion test at 850°C fonra0
under He-14CO-13044H,0.

Figure4: FESEM images of Alloy 617’s cross section and YAld 7’s surface after corrosion test at 850°C for
20h under He-14CO-13QHIH,0.

Figure5: Evolution of the CO consumption rate as a functibtime in corrosion tests with different CO
amount in He-130KH5H,0.

Figure 6: Maximum CO consumption rate as a function of wateatial pressure in He-14CO-130H

Figure7 : Mass gain of alloy 617 measured by thermobalasca function of time for different water contemt
He-14C0O-130H

Figure 8 : Variation of the maximum CO consumption rate &snetion of CO partial pressure (a) and as a
function of water partial pressureqd>= 15 pbar) (b) in impure helium and fitting cunmsEq. (19).

Figure9: Mass gain due to the reaction of 4 pba®Hhhith alloy 617 as a function of time fitted by (ae
parabolic law and (b) the complete parabolic lancase (b), kand k are found to be equal to 8.690
mg?/cm/min and 8.5 18 mg/cnf/min respectively.

Figure 10 : Variation of the diffusional rate constégtas function of water partial pressure.
Figure 11: Variation of the interfacial rate constdgas function of water partial pressure.
Figure 12 : Point defects which could be formed when consigeoutwards chromium rich oxide layer.

Figure 13: Scheme of the oxidation mechanism of alloy 61 HE® in impure helium with the different reaction
steps

Figure 14: Experimental values of &s a function of o and its fitting by Eq. (37)

Figure 15 : Comparison between the rate of interfacial reacéind the rate of diffusion involved in the
oxidation of alloy 617 in He-15CO-13Qkvith 21H,0.

k= 1.4. 10°*(21)°= 0.013

Figure 16 : Comparison between the rate of interfacial reacéind the rate of diffusion involved in the
oxidation of alloy 617 in He-15CO-13Qhvith 4H,0.

k=1.4. 10°%(4)*= 9 10°
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Tablel

Alloy composition (wt %)

Ni

Cr Co Mo

Al

Fe Mn

Si C

Alloy 617

Bal

216 120 9.2

1.0

10 0.1

0.2 0.06




Table?2

Reaction steps for adsorption and dissociation of H,O and CO with k; the constant rates of the elemental semi
i

reactionand  ** the equilibrium constant of reaction step i.

Semi reaction Equilibrium constant
H,O+s 08~ H.,O-s 3) }@:M (20)
2 2 % 0,..PH,0
4 Ohos-OHs
H,O-s+s 0. HO-s+ H-s (4) Ke = R (11)
S ' HyO-s
9 2
2H-s O0'8- H,+ 2s (5) K:q. =R, (ﬁ} (12)
6 — GO-S'QH-S
HO-s+sO'f- H-s+ O-s (6) Ka=20 (13)
Os-Ono.s
Semi reaction Equilibrium constant
‘9 -S
CO +s0'- CO-s ) Ka= 2 (14)
0,.P,
8 _— GC-S'QO-S
COs+s 0. Cs+O0O-s ®) Ka="0 (15)
GS'GCO-S
o _ 058
CsOf™®- C+s (9) Ke = 0 (16)
C-s




Table3

Reaction steps of CO reaction describing a decrease in CO consumption when the partial pressure of H,O

increases or when the partial pressure of CO reduces.

CO+s0'fM- CO-s

v, = k,.6,.P

By writting s as afunction of the equilibrium constants of the other elemental steps and by using equation 8

below:
QHZO-S + 0H0—3+ 0H—s+ 0 O—s+0 s+ 0 CO—5+ 0 C—s: 1 (17)
one ends up with
P.o.a
\, = —_— 18
! ! PHQO By (18)
o= Kelo_.Kél, K7e ,Pu b= Kseq_P b & P H+K66q_K865l|-.K6eq/K7 oo/ P 2,)a
K1o /K7 P (Kll P , +a )
COs+sO'®. Cs+O-s
_ Pco
vy = Ky . > (19)

(o .PCO+p.PH,0 +7)

1 _ Kér). 6 17 8 fe 7 6 |
a = Kll IB_ Kg Klql p (Keq.'Keth eq-.'- K eq.K e P i +P Q-I)
T eq’ B

Kll\/K77+a KL +K2 Py
kS, (KE) \/K77q




TableA.1
A, B and C valuesin the kinetic lav Am” + Bm+ C =t
ko : parabolic rate constant
k; : linear rate constant

t* and m* are theinitial conditions and account for the transient oxidation period of non parabolic kinetics :
after t*, m=m*

A B C
i i tD_ﬂD_m_DZ
kP k' kl kp
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