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ABSTRACT

For Very High Temperature Reactors (VHTR), one of
Generation IV future systems, the high level opegat
temperature of the fuel materials in normal andidmstal
conditions requires to predict the possible chemica
interactions between the fuel component gJ@nd the
structural materials (C, SiC). Among the concerfisthe
TRISO particle thermo-mechanical behaviour, it ésessary
to better understand the gaseous carbon oxidesafionmat
the fuel-buffer interface that leads to the build of the
internal pressure. High equilibrium (Opressures resulting
of the UQ.,/C reaction are obtained using thermodynamic
calculations. The kinetic mechanisms involved is tkeaction
that limit this pressure increase have to be detexanby
convenient experiments and associated models. $6rte
reported data on the kinetic of ¢Oformation due to the

UO,., and graphite interaction have been reviewed. The
discrepancies between the reaction mechanisms en b
explained () by the different geometries and sample types

and (i) by the oxide stoichiometry and the flowing gasdis
during the experiments. Depending on these chaisiits,
the phenomena involved in ¢Oformation can be of three
different kinds : Interface, Surface or Diffusiddsing High
Temperature Mass  Spectrometry (HTMS), kinetic
measurements of the ¢Pand CQy species due to the
interaction between UQ, and graphite were performed. The
samples are pressed pellets constituted of a reixitikJO,.
and graphite powders with molar compositions C/L}©3/5.
CO (g) is the major product above 1200 K. RatethefCQy
formation have been established taking into accdbet
oxygen composition of the non-stoichiometric uramiu
dioxide and temperature. Results underline the gbmo
importance of kinetic factors for studying the g@ressure
variation inside the TRISO particle.
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INTRODUCTION

The TRISO particle is one of the retained fuels fbe
generation IV Very High Temperature Reactors (VHTR)is
study deals with the chemical interaction betwden WG..,

fuel kernel and its surrounding graphite matrix ethhas to
accommodate noble fission products and CO and @3
releases. A previous work was undertaken on the
thermodynamic properties of the Uranium-Carbon-@xyg
ternary system [1] and on the CO(g) associatedlibgum
pressures [2]. In fact, it is important to estdblise maximum
CO and CQ@ gas pressures produced inside the fuel particle
due to the interaction between the JJOkernel and the
graphite buffer (Figure 1). When estimated by using
thermodynamic calculations, the pressure valueslaagely
higher than those observed.

1. Graphite Buffer
Accomodatesnoble Ffand CO, CQ gasrelease

2.Inner PyC
Protectsthe SiC layer

3.SiC
Decreasesrissior Productsdiffusion
Enhancesmechanicaktrength

4. Outer PyC
Barrier for Fissior Productsandprotectsthe SiC layer
Contributesto the particle mechanicalstrength,

Figure 1: TRISO Particle for High Temperature Reacbr

Thus, it is also necessary to determine the foonatates of
CO and CQ (g) which will be used as input data for
calculation codes that model the thermo-mechanical
behaviour of the VHTR fuel particles. A thoroughdst of the
high temperature behaviour of a mixture of 1#dd carbon is
then necessary in order to establish the kinetitsthe
interaction between both materials. The objectiaes (i) to
predict the possible formation of carbide phaseas$ @ip to
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establish the controlling mechanisms of the LT
interaction kinetics.

The origin of this interaction can be explainedphenomena
of surface, diffusion or interface. The first paftthe present
work consists in reviewing several kinetic models tioe
literature. Initially, the experimental methods dise establish
the kinetics of interaction are described. Thea,gbcond part
deals with the experimental results obtained by hHig
Temperature Mass Spectrometry (HTMS). These firsttic
results, coupled to metallographic analyses of samples
make it possible to validate some assumptions an th
reactional mechanisms.

KINETIC OF INTERACTION

Several studies relate to the kinetics of intecactbetween
UO, and carbon and this, for several reasons. Finsset
compounds are the two reagents of the carbotheeaution,
which remains an important synthesis route of wmani
carbide. It is thus to increase the reaction yaid to favour
selective syntheses of the uranium dicarbide tHad t
following reaction was specifically studied.

UO,+4C=UG+2CQy

However, these studies were mainly carried out withaim
of establishing the kinetics of formation of camidnd not
that of CQ, and/or CQyg. They consider that the G
formation is inevitably associated with that of aranium
carbide, which is equal with being placed in a mam@nt
equilibrium inside the U-C-O ternary system.

The interest involved in this reaction also comesfthe fact
that interaction between UGand the graphite buffer could
lead to a carbide formation in TRISO fuels.

This reaction being reversible, various projectanplto
introduce a mixture of UPand UG as a fuel, in order to
maintain a low start value of Gfpressure inside the particle
which tends to increase with the irradiation [3pwver, in
the case of an UQfuel (what thus excluded the Y& UG,
mixtures), the equilibrium is not monovariant buvdsiant.
CQOg pressures are then not only a function of the
temperature but also of the chemical compositionthaf
system.

These kinetics are difficult to establish on thee omand
because they are solid-solid and heterogeneous-gadi
reactions and on the other hand, because many etae@Em
must be considered in this study. The relative tties of the
reagents as well as the geometry and the partimlgof the

reactional rates.

components have a paramount importance on measured1 (

Several models deal with interaction kinetics betweawo
solid phases. They can be used in the case of ispher
symmetry of the reagents and the products. Amorgnth
certain models consider that kinetics are limitgddiffusion
phenomena (Valensi-Carter, Ginstling), as that sfaswvn in
the case of the UL interaction [4] [6].

Review of the literature

The main product of the reaction between,lnd carbon,
leading to uranium carbides production is COrhen, it is
possible to follow the evolution of this system atite
kinetics of the U@+ C interaction by measurement of the
mass loss of the sample by ThermoGravimetric Aiglys
(TGA).

According to Danger & al. [4], the reaction begitts be
significant at 1773 K. Even if some discrepancias appear
on the rates, the reaction products are identioal, made of
uranium monocarbide (UC) flakes inside of a uranium
dicarbide (UG) matrix. The Valensi-Carter [5] model for
powder reactions was used to describe this reabdween
UO, spherical particles and powdered graphite. Inctme of

a parabolic shape of the reaction curve, and when t
expansion coefficient between the reactant angtbduct is
close to unity, it is possible to establish theekin law from
the degree of conversiond)( Using the Valensi-Carter

transformF(f), the following linear function of time is
obtained (Eq. 1):

2

2

F(E):1—§E—(1—E)§ = Kt (Eq. 1)

Where & = RIS (Eg. 2)
m, —m;

This rate constank] is the product of two components; the
first one is function of the diffusion processed arf the
interfacial equilibrium constants, the second ana function
of the experimental conditions [4].

In the aim of establishing the rate controllingpsiaf the
interaction between UQand graphite, Lindemer & al. [6]
have studied the behaviour of spherical @rticles coated
with graphite in the 1673-1879 K temperature rangeis
spherical geometry has as an advantage of simglatin
perfectly the expected behaviour of TRISO particlesorder

to highlight the involved kinetic phenomena in timteraction
(interface, surface, diffusion), the degree of @rsion was
determined by metallographic methods and two sample
configurations (particles and pellets) were produa@nd
studied. The model used by Lindemer & al. is that o
Ginstling (Eq. 3) developed for diffusion kinetidg]. It
makes it possible to assess growth kinetics of praluct
layer according to the temporal decrease of the k@ius
r(t) inside the particle and knowing this radiug @atto:

3, s
The cases of kinetics controlled by surface or riate
phenomena have also been studied by Lindemer &tath
have used all these various models previously gutmtereat
the experimental data. After a series of experigent
performed at constant temperature, the phenomena
controlling the kinetics can be represented acogrdio

- (Ea. 3)
3
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straight lines as a function of time. This intetpt®n makes

it possible to consolidate the assumption of atiéneontrol

by a diffusion phenomenon (Figure 2). Indeed, amtirg
linear kinetic models applied to the experimental
measurements, only the passing by the origin isahtained
thanks to Ginstling's model [7] presented in theuadtpn
(Eq. 3). This characteristic makes it possible lbmiaate the
surface and interface kinetic models.
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Figure 2: Linear transform of several kinetic modes (diffusion, surface,
interface) by Lindemer & al. [6]
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However, even if they do not correspond to the phamna
observed, the graphic interpretations seem in adles not
very robust because of the lack of experimentah @deid of
the poor obtained regression coefficients. By elation, the
diffusion model is thus only retained as beingdb&ermining
reaction step. A post-mortem observation of thetiglas
makes it possible to highlight two distinct reantb
mechanisms according to the heat treatments.

The first configuration shows a YQernel surrounded by a
UG, layer of uniform thickness. It was obtained aftefast
heating to 1273 K in less than 2 minutes followed 15
minutes temperature plateau (during which no carhics
still formed). Then, the sample is heated towalus final
temperature according to a heating rate of 25°Canuhthen
cooled at - 50°C/min to prevent any risk of cragkiof the
particle.

The second configuration is obtained when the ¢legiare
submitted to important heating rates ranging betwg&® and
100°C/min. These high heating rates induce thetengg of
strong thermal gradients inside a particle in sptetheir
small diameter (500 um). The sample profiles havenan
uniform aspect where Ufbccupies the centre of the sphere
and overflows partially towards external surface tbe
particle. This observation is not without pointimgit the
amoeba effect. This transfer phenomenon of carbogas
phase is related to important heat gradients. TOg kérnel
migrates towards the hot part of the particle.dme cases,
caused displacement can be higher than the thiskofethe
external layer of the coated patrticle.

There is a noticeable difference between reactatasr of
these two mechanisms. In the second case, thearaate of
conversion is between two and five times fasten tie first
one. Logically, this difference in rate is attribdtto a kinetic

control by different reactional steps. The comparisf the
experimental results according to each protocol enalt
possible Lindemer & al. to propose two distinctatémal

mechanisms. The “uniform” kinetic scheme estab#skee
oxygen diffusion — starting from the interface beén oxide
and carbide through carbide and towards the surd&dae
particle — as the controlling step. On the contraryhe case
of the “non uniform” reaction, it is supposed tilaé CQy

diffusion controls the kinetics.

The review of this study makes it possible to stiat:

. the uranium carbide formation due to the reaction
between U@and C is controlled by the diffusion,

. the diffusion of [O]o, through UG controls the
kinetics when Ugencloses completely the Y®ernel,

. the reaction rate increases in the case of a “non
uniform” reaction at the time of a fast increasaha sample
temperature,

. the geometrical form and the physical contact ef th
reagents during conversion have a significant eféec the
composition of the solid phase.

Nevertheless, these two mechanisms do not condider
interaction step between YQand carbon, during which, in a
first step, uranium dioxide is reduced without ddeb

formation. It is thus also necessary to establghltehaviour

of the interaction between UOand carbon before the
formation of a carbide phase.

Mukerjee’s & al. studies [8] [9] deal with the cathermic
conversion of U@+ C mixture to carbides under both
vacuum and flowing argon. They are a good compléraén
Lindemer’s & al studies. Indeed, in this case, Kimetics are
both determined from Cg) concentration measurements in a
inert flowing gas and from manometric measurementer
vacuum. Furthermore, the samples are mixed povidsiesad

of coated particles. Thus, the experimental coowigti are
close to those used within our experimental measemnés by
High Temperature Mass Spectrometry (HTMS).

According to the experimental conditions, two disti
behaviours were highlightedi) (under vacuum, the UO
reduction is controlled by reagent-product integfaeactions
whereas i() under a neutral gas flow, the Qdiffusion
through the layer of carbide is the controllingpstStinton &
al. [10] postulated that during the carbothermi@actmn
performed on microspheres, surface nucleation isemmely
fast and the particle is instantaneously coveredabthin
carbide layer. In this case, the determining stegomes the
propagation of the reactional interface towards pheticle
core controlled either by diffusion, by surfacebgrinterface
reactions.

Mukerjee’s reaction route is based on Stinton’'s fi® in
which UG, dicarbide was substituted by UC monocarbide.
The carbothermic steps are interface or diffuseactions.

When the diffusion through the products layer isfasi that
the reagents cannot sufficiently quickly combinehwthe
interface reaction to establish equilibrium, thaatéon rate is
controlled by interface phenomena. By assuming that
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nucleation occurs nearly instantaneously and tieateaction
rate is proportional to the reagent surface not heting
reacted §), the equation rate is written by the followingywa

4 _ks

Eq. 4
a v, (Eq. 4)

After several operations [8], the previous equatian be put
in a form highlighting the dependence fwith the initial
radius of the particlerg):

1- (1_5)%, _kit

0

(Eq. 5)

On the contrary, when the penetration of one ofrdagents
through the layer of products separating the twactiee

phases is the determining stage, then the temgepgndence
of the progressive accumulation of the product Haie

inversely proportional to its thicknegs

dy_k

Eq. 6
a Yy (Eq. 6)

After integration, this equation provides a parabebuation
which can be then written according to thieparameter.
Jander [11] applied this equation to packed powdérs
deduced the following law (Eq. 7) which is a fupatiof a
proportionality constari and a diffusion coefficier.

- =2

0

(Eq.7)

This last equation was modified by Zhuravlev, Ldsokand
Tempelman [12] by supposing that the activity af thagent
is proportional to the fraction not having reactgh. 8).
They obtain:

2
1 2KDt
=— (Eq. 8)

-¢)" £

Valensi & Carter's model takes into account thefedénce
between the product and the reagent densities owtsu
during the interaction. The assumption is made tiat
diffusion proceeds through layer of constant contjors
After a valid first order approximation, the modgipears as
a simplified relation (Eq. 9):

(Eq. 9)

The degree of conversion of the reaction is esthbtl by
measuring the quantity of G formed. Concerning the
experiments under vacuum, measurement is only metniam
The realistic assumption is made that the gas ceitipo is
mainly made of Cg. For the experiments performed under a
gas flow, CQ, formed is then oxidized into Ggg by passing
through a copper catalyst. The quantities of,gQ@re then
evaluated by a titration of a NaOH solution.

The rate curves are characterized by a maximurarofdtion
followed by a fall off of the reaction rate. At 13X, the rate
becomes very slow for a value @fhigher than 0.98. For
lower temperatures, the reaction rate tends quitckiards a
plateau.

Each kinetic model was used to treat these expatahdata.
For data under vacuum, the best curve is obtaiwyefitting
the results with the equation that indicates that WQ/UC,
interface reaction is the limiting step.

In the case of the experiments performed underogestow,
the reaction rate is much slower than in the cédsthase
performed under vacuum and whatever the temperattuee
reactional rate increases proportionally with theepus flow.
The experimental data are interpreted thanks terél&
Carter’s relation (Eq. 9), which indicates thattirs case, the
kinetics is controlled by diffusion phenomena.

Concerning the products analysis, one notes arlapggntity

of dissolved oxygen in carbides formed at the ldawes
temperatures. This artefact phenomenon can beodhe tow
reaction rate which would confine the reagent urediayer of
sintered carbide. At low temperatures, it is alssgible that
the main part of not reacted oxide disturbs théedihtiation
between the oxygen atoms forming oxide and thossotlied

in carbides.

The later study of Mukerjee & al. [9] investigatélse
reactional mechanisms of the Y®C interaction using two
types of samples. The first particle batch is maldgO, + C
mixed powders, as in the previous study. New mjuineses
were also synthesized, made up only of uranium idéx
dispersed in excess carbon black powder.

Under vacuum, the kinetic is much slower in casthefUGQ
microspheres dispersed in graphite than in the aafse
(UO, + C) microspheres. In this last case, the valughef
C/UG; ratio has an effect on the composition of the potsl
For a ratio equal to 3, the formed carbide is Ud &or a
value of 4, the carbide is YCIn case of an intermediate
value, the products are a mixture of these twoidash This
result reveals the influence of the reagents ptapts on the
nature of the products related to the reactiorettayy inside
the U-C-O system.

This new interpretation of the reactional mechasismakes it
possible to supplement the first Mukerjee’s reawtlo
mechanism [8] which only considered the UC carbide
formation.

Like in his first study, the reaction kinetics iediiced
according to interface phenomena. The interpratatio
confirms that the CO release is fast, which dogsnmake it
possible to clearly define the determining step r@gnthe
proposed reaction mechanism:

1. C(gr) > [C]UC

2.  Cgn = [C]uc diffusion from the surface towards the
UO,-UC interface

[Cluc + UG, > UC + 2 [O],c

[O]uc diffusion towards the microsphere surface

2 [Olyc + 2 Ggy = 2 CQ at the surface

akrw
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Two steps are likely to be the rate determining:stie
diffusion of carbon or oxygen in the solid phasd #mwough
the product layer. The lack of carbide of highegrée during
the intermediate steps of the Y®C conversion into UC lets
suppose that a phenomenon of carbon diffusion cbelthe
determining step when the experiments are perforometkr
vacuum.

Contrary to the results obtained under vacuumkithetics of
CQg formation under gas flow is controlled by the GO
diffusion through the layer of formed products. Maover, the
kinetics is dependent on the initial C/b@atio of the
samples. For a given temperature, time necessaryafo
complete reaction is longer as a function of theaioled
products: UG, UC + UG and finally UC. To explain these
different rates, a new mechanism is proposed ifrodud
additional steps to the previous one:

6. CQq diffusion towards the UQayer

7. 3UG+UG,24UC+2CQ,

8. [Cluc2? [Cluc
Dissolution of C from Ugtowards UC at the UC-UC
interface

9. Diffusion of [C],c at the UC-UG interface towards the
UO,-UC interface

10. [Cluyc+ UG, = UC + 2 [O],c
Reaction between [G} and UQ at the UQ-UC
interface

11. Diffusion of [O]c formed at the UC-UQ interface
towards the UC-Uginterface

12. [Ol,c + UG, = UC + CQy
Reaction between [Q} and UG at the UC-UG
interface

During this process, two interfaces must be comsitteUC-

UC, and UG-(UO; + C). The reactional steps involved at the
UC,-(UO, + C) interface are reactions 1. to 5., the step 6.

corresponds to the Gg diffusion. In case of a total
consumption of the free carbon at the externalaserbf the
UC, layer, the interaction between trapped JJ&hd UG

proceeds according to the reaction 7.. It resbisférmation
of a fine layer of UC between the Y@nd UG layers. The
mechanism of interaction is described accordinth&éosteps
8. to 12.. The conversion of the Y® C microspheres into
UC, proceeds according to a succession of steps dwfiiah

the layer
microsphere. In this case, the reaction occurs rdoup to
steps 1. to 6.. The slower formation rate of UCldde due
to the implication of reactions 7. to 12.. When wension
occurs according to reactions 1. to 12., the fgiaé of the

UO, core after the carbon disappearance determines the pS =I1T

global reaction rate. The larger is the size ofuli core, the
slower are reactions 8. to 12..

Under vacuum, carbon diffusion is the limiting stepthe

carbide formation in U@+ C microspheres. The assumed

mechanism follows the same route as the previoes But,
since there is no intermediate product, the quanfitarbon
available is sufficient to convert all the Yahto UC/UG
without leaving core in the centre of the partiche steps 7.
to 12. should not occur.

of dicarbide grows and generates a, UC

EXPERIMENTAL STUDY

High Temperature Mass Spectrometry (HTMS), coupléd
Knudsen effusion cells, is an high sensitivity expental
technique well adapted for performing partial puess
measurements [13-15]. In this method, the meangdetk of
the molecules in the molecular beam is such a®és chot
exist any shocks between the molecules during their
sampling. A rarefied gas flow or molecular beamhuwitt
collision goes through a diaphragm directly in ibeization
chamber of a mass spectrometer maintained unddr hig
vacuum (Figure 3).

Housing for Mass

] View Port
T Spectrometer Storage

lon source Turbomolecular Pump

Housings

Valve

Molecular beam

‘ $Quadrupole displacement

lonization Chambe
Shutter

Restricted Collimation
Device

Thermal

- Turbomolecular
shields

Pump
Quadrupole
Mass Spectrometer

W Resistor

Multiple Knudsen Cell

X-YMicrometer for
automatic adjustment of
the position

Furnace Housings

Turbomolecular
Pump ' |

Figure 3: High Temperature ‘Mass Spectrometer (HTMS)with multiple
effusion Knudsen cells

The gas ionization using an electron beam, will egate
positive charged ions which are then extracted fribvm
ionization chamber, accelerated by an electricdfigien
separated according to their mass/charge ratio Hyigh
frequency electric field. The Beer-Lambert law agglto the
absorption of the electrons in a diluted mediundéeto the
basic mass spectrometric relation between the wvapou
pressures and the measured ionic intensities/teper
product:

(Eq. 10)

The Knudsen effusion cells method is used muchtdyae
the gas phases at high temperature. The cell ifosed
container; its lid is bored of a hole whose dimensiare
small with respect to the surface of the samplee fibw of
vaporized molecules from a surfagés the same one as the
rarefied gas effusion flow resulting from a suffictly large
container (isotropy condition) by a same hole wdkally
thin wall. The essential condition is that the mé&ae path of
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the molecules in gas is higher than dimensions@tble [1].
The flow of molecules in moles per unit of time walhni
escapes from a hole st&urface is:

dn /dt (Eq. 11)
The total flow is obtained by integration on althalf space
above the hole according to the Hertz-Knudseniozldt 6]:

dn _

dt

pisC
27M RT

(Eq. 12)

In case of the U+ C interaction, the composition of the
resulting gaseous phase is known [1]. In the U-€y8em, at
least concerning the framework of TRISO fuel pétander
nominal or accidental conditions, it is composea ofiajority

of COg which can be sometimes supplemented by a few
percents of Cgy CQg and CQg ionic intensities
measurements allow to determine theg@nd CQ partial
pressures, then the vapour phase composition. Verasuats

as a function of time allow to obtain the kinetidformation

of the gaseous phase. From the total mass losagdthie
experiment, the final overall composition of thengde can

be determined in the U-C-O system. The phase catigpts

are measured from post-mortem analyse (SEM, XRbgsé&
measurements do not require any additional caldaif the
spectrometer since the mass lass) of the sample is known
and is inevitably correlated with the gas produ€€)g and
COyq. Consequently, the loss of mass is used as irterna
standard.

For each gaseous speciél (t is possible to establish the
molecular flow by associating the mass spectromeind the
Knudsen-Hertz relations (Eq. 10 & Eq. 12).

dn _ sCIT _ sCIT
dt  s,27M,RT S.27M,R

(Eq. 13)

This equation highlights the proportionality betwethe
molecular flow of a gaseous species and the prooditte
measured ionic intensities and the squared rootthef
temperature. For a defined geometry and a singfmowa
specie, all the others parameters can be considsradsingle
constants;. The integral of the last relation represents the
amount of evaporated moles and so the loss of wiatgse
sample.

s[C
,Bi =

S 27M R

Then, the total amount of vaporized gas (in mokss) be
evaluated by temporal integration of the molectitaw.

n(t)=4[ 1Tt

At the end of the experiment, the total amount aparized
gas corresponds to the mass loss of the sample:

(Eq. 14)

(Eq. 15)

Am

ﬂi =
Mool I vt

(Eq. 16)

Then, the quantity of vaporized moles according to time
can be written as following:

t
n (t)z Am X IOICOﬁdt
0 Mco J: Icoﬁdt

In case of several gaseous species in the vapoopasition
(which is not considered here since the,g@ontribution is
insignificant at high temperature), the specific sma
spectrometer sensitivitie§) for each gaseous species (e.g.
CQy and CQ(y,) are established by an appropriate calibration
of the mass spectrometer [14].

(Eq. 17)

SAMPLES PREPARATION

The samples were manufactured from graphite and.JUO
powders (with an initial O/U ratio of 2.06). The#&spective
molar proportions were 40% and 60%, that is torsaghly
2,5g of UQ., and 0.075 g of carbon. After being mixed,
these powders were packed and compacted under @aaman
press in a glove box in order to form compact pell@he
obtained green pellets are dense but in spite eofalowed
protocol, they remain friable and sometimes shoacks on
their surfaces. The composition of the pelletparticular the
stoichiometry of uranium dioxide, has to be welhtolled.
Indeed, this parameter determines the oxygen paténtthe
ternary U-C-O system and influence strongly theetigs of
formation of the gaseous phase. Also, it determihesnitial
composition of the sample in the U-C-O system.

The stoichiometry measurement is performed on &.JO
green pellet taken from the same batch as the +JO ones
by Thermo-Gravimetric Analysis (TGA) according tm a
oxidation protocol of the dioxide UQ, into UsOg. This cycle
results from the literature critical analysis ofetlvarious
calcination protocols of U, into U;Og. Indeed, the main
uncertainty on the evaluation of the compositionU®,.,
comes from the formation of under stoichiometrigObJ at
high temperature [17] [18]. The oxidizing gas flasva Ar-
20%0, mixture of argon and oxygen. The use of air is
proscribed in order to avoid the formation of utemnioxy-
nitrides which could alter measurement. By knowitg
exact composition of the final oxidation product
(stoichiometric YOg) and by measuring the mass gain of the
sample, the initial stoichiometry of UQ is obtained. The
test proceeds according to a heating rate of 10rK/m
followed by a 35 minutes plateau at 1073 K duriodJO,.
oxidation. Then, the sample is cooled in ordertaditze the
temperature to 873 K. This second plateau aimitex@actly
the stoichiometry of the oxide at thes@4 composition.
Indeed, for higher temperatures, the final prodsctinder
stoichiometric. A too fast decrease of the tempeeatwithout
passing by a final sufficiently long plateau at 873would
not let time to reach the equilibrium compositidrigOg.
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The stoichiometry of uranium dioxide which was iadly
equal to 2.06, has quickly evolved to a value éb2and this
in spite of the storage of the samples inside aeghox under
nitrogen atmosphere.

RESULTS

The HTMS experiments were performed onAJG C pellets
of known initial composition and UL, stoichiometry. The
experimental approach consists in highlighting fiivenation
of CQg and eventually Cgy, and to quantify their partial
pressure from ionic intensities measurements. Maeoas
indicated in the previous section, the compositanthe
sample can be deduced from the calculation of #ssnoss.

The field of interest of formation of the gaseousmage is
above 1273 K, approximate nominal temperature offRH
reactors. Several experiments were performed iange of
temperature ranging between 1523 K and 1673 K, eviier

production of CQ, starts to become significant. The analyzed

gases are Cg and CQg Measurements were also

performed at the masses corresponding to the umaniu

gaseous species ({f) UO,q), UO;q); none of these species
was detected.

The first experiments consisted in gradual heatwigthe
samples in order to detect the temperatures frorohwB0;(g)

and CQy, begin to form, which are equal to respectively

1000 K and 1200 K. During these heat treatmentsicio
intensity measurements appear in the form of gaseoifs
from which it is difficult to predict a kinetic bekiour.
However, the ionic intensity curves confirm the fprential
formation of CQ, (when it appears)i) at low temperature
and (i) at the beginning of reaction. On the contrary,£i®
formed during the entirety of the experiment witfoemation
rate strongly related to the temperature. In aldhses, these
experiments remain useful because they make itiljes®
follow the composition of the condensed phase. deze
the analyses of the samples by several methods (SIRD)
make it possible to know the formed products durihig
interaction. However, the most suitable method eétexdnine
kinetic behaviours is to perform heat treatments dixed
temperature. So, after feasibility experiments,irapkfied
protocol was followed in order to facilitate theampretation
of the results.

The UQ + C pellet was submitted to a fast heating rate to

reach the plateau of 1603 K during 5 hours. The iis
temperature, from ambient towards the final tenjpeea was
performed quickly and during this step, no signapeared
excepted a slight puff. This procedure was perfarioeavoid
a low temperature Cg, production. So only the Ggionic
intensity was detected and measured (Figure 4).
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Figure 4: Measurement of the molecular flow of CO(jyvs time

The high temperature mass spectrometer was calbray
the method of loss of mass of the sample [13] [T4]e
obtained sensitivity of the mass spectrometer maikes
possible to calculate the evolution of @@ressure above the
pellet (Figure 5). Thermodynamic calculations pdavithe
stoichiometry of the uranium dioxide (O/U = 1.998pm
which the first carbide phase appears during the,.JJO
reduction (Figure 5). From this value, the uranidioxide
cannot be more reduced and the carbon consumpsion i
accompanied by the formation of carbide. This fteors
illustrates the composition path from the OC two-phase
domain towards the [UOr U,C; + C] three-phase domain
(Figure 10). Thus, it becomes possible to compandth the
known equilibrium pressure of the [U® U,C; + C] three
phase domain of the U-C-O system [1]. Moreoves étliows
investigating the high temperature behaviour of W@ + C
mixture and predicting if the interaction is preftially
governed by thermodynamics or kinetics phenomena.

Initially, the increase in pressure seems to beeaptial until
the delimitation between the two-phase and theetplease
domains which shows a maximum of pressure. Thea, th
pressure decreases slowly towards a plateau whistillinot
reached after 4 hours of heat treatment.

Two phenomena are then highlighted:

- Firstly, the shape of the curve of ressure reveals that
the time necessary to obtain a stationary regimensdong.
To reach it, it would thus be necessary to lengthertime of
the experiment. However, this suggestion is synaugmwith
an additional consumption of G and thus of a
displacement of the overall composition of the eystJ-C-O
which would leave the [UO+ U,C;+ UC] three-phase
domain;

- Secondly, the pressure asymptote seems to temarde
pressure values largely lower than the thermodyoami
equilibrium pressure (151.3 Pa). This behavioumldts
the role of the kinetics on the values of g@ressure which
are then different from the thermodynamic estimatio
concerning the U@+ C interaction.

7 Copyright © 2006 by HTR2006
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Experimental measurements of g@ressure were processed
according to the various models herein describdaif@lev,
Mukerjee, Jander, Valensi & Carter). These relatiovere
applied in order to describe the temporal evolutadnthe
UO, + C interaction represented by the loss of masthef
sample (Figure 7 — Figure 8). In parallel, temp@wablution
of the degree of conversiahis also represented in order to
compare the coherence of each model as a fundtiome.

Among the various models, the results seem to bee mo
consistent with the relations (Eq. 5) and (Eq.r@$pectively
corresponding to the models of Mukerjee and Valefasi
Carter. In this last case, the linear regressiopliegh to
measurements is adjusted on a broad domain of elexfre
conversion of the reaction, from its start andawp@%.

The currently available data do not allow settlegween the
various possible kinetic mechanisms because a raidge of
temperature has to be investigated. However, theemo
suggested by Mukerjee seems more to be adaptewdtess
the data. This statement is undoubtedly relatedth®
similarities of our experimental conditions usingighl

Temperature Mass Spectrometry and those reported by

Mukerjee under high vacuum [8] [9].
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Figure 6: Processing of experimental measurements €0O(q) according
to Mukerjee’s model (Eq. 5)
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Figure 7: Processing of experimental measurements €O(q) according
to Jander’'s model (Eq. 7)
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Figure 8: Processing of experimental measurements €O(q) according
to Zhuravlev's model(Eq. 8)
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Figure 9: Processing of experimental measurements €O(q) according

to Valensi & Carter’s model (Eg. 9)

300

Concerning C@), the treatment of the ionic intensity signal
by the equations (Eg. 17) allows calculating thenber of
moles of CO(g) formed during the interaction. Thtise
variation of the overall composition of the sampkn be
represented inside the ternary U-C-O diagram catled| at
the temperature of the experiment (Figure 10). @baution

of the UQ + C interaction can be represented by a trajectory
symbolizing the loss of gaseous species ¢ @nd/or of
CO,g). Thanks to this representation, it is possibleredict
the phases normally expected by thermodynamicsukgig
10).

Copyright © 2006 by HTR2006



High Temperature Mass Spectrometry
CO Pressure Measurements (T=1606 K)
U

1.0

0.9

Final
‘omp osition

vo,

Initial
Composition

0 b5 Al
g Co 0.2 04 “Oos 0.8 1.0

Figure 10 : Evolution of the total composition of he sample during the
high temperature mass spectrometric experiment on 8O, + C pellet

In this specific case, the final composition of théture is
located inside the triangle corresponding to thedfphase
domain equilibrium, formed of slightly under staizmetric
uranium dioxide U@ (UO;q99, of uranium sesquicarbide
U,C; and of carbon C. After the experiment, the analygdi
the samples by optical microscopy on polished sratveals
an important proportion of a white phase locatedeurthe
surface of the pellet (Figure 11).

Figure 11: Optical microscopy on polished section of the pelieafter
heat treatment (Bulk = UO,, White phase = UC, Black hole = pores,
Light gray = carbon)

This phase is mainly located inside the pores, Wwinians
that it is associated to the CO(g) formation. Tthis phase
corresponds to a carbide. On the contrary, the cbrthe
pastille does not present this shining aspect aoge nvhich
characteristic of the carbide phase. This obsematuggests
the presence of gradients of reactivity insidephbet. So, it
is possible that the Uexists under different stoichiometries
between surface and the core of the pellet in gme of
composition from UQ@gggto UG; 35

Furthermore, the X-Rays diffraction analysis of thellet
surface shows carbon and uranium carbide of thetyp€&
associated to the white and brilliant phase. Tladyars of the
core of the same pellet after milling reveals naencarbon
detectable and the proportion of UC seems more litapbin
the bulk (Figure 12). This observation confirms fbimation

of UC in the core of the pellet where the bulkdslated by
the carbide barrier in formation.
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Figure 12 : X-Rays Diffraction Diagrams of the UQ + C pellet (milled
sample in red, surface in black) — In red: UG, in blue C, green UC

CONCLUSION

This review of the main studies within the framekvof the
interaction between UQand carbon highlights the various
kinetic models available as well as the associatedtional
mechanisms involved in this high temperature irtéoa.

HTMS experiments performed on the WOC pellets
confirm the strong interaction between these twomounds
above 1000 K As already mentioned [6], this int8oacis
characterized by the formation of a gaseous phaaialyn
constituted of C¢. The contribution of Cgy, must be taken
into account for a O/U ratio higher than 2, it deges with
the increasing temperatures. From the experimegmait of
view, CQgq is preferentially formed at the highest
temperatures, Cg) is not formed any more above 1300 K.

The spectrometric results show the reduction obLJBy the
carbon which is symbolized by a rise in gas pressiihen
when the UQ® reaches a limiting stoichiometry
(O/U = 1.998), a carbide is formed and a three-pltisnain
is reached but without a pressure equilibrium b&ibtained,
contrary to the thermodynamics calculations.

In addition, the measured pressures are very fam tthose
calculated at equilibrium whereas the method ofkthadsen
cell is usually employed to approach the conditimisa
closed system at the equilibrium.

It was possible to apply various kinetic models to
experimental measurements of gQdormation by HTMS.
Mukerjee’s model [8] [9] fits the experimental réisu
correctly. In this precise case, it seems that réectional
mechanism is governed by both interface and ddfusi
phenomena.

The observation of the samples confirms the foromatf
uranium carbide, UC or UGn the case of experiment having
exceeded the temperature of 1650 K. In this lasecas
predicted by thermodynamics, the formation of th€,U
carbide consolidates the idea according to whicks th
compound is a high temperature phase. This statemen
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corroborated by the most recent U-C assessed plegeam
[19].

Although the formation of sesquicarburgQd is theoretically

Idaho National Engineering and Environmental Laborg,
EXT-02-01545

[4] Danger G., Besson J., 1974

considered by thermodynamics, this compound wasmev Etude Cinétique de la Carboréduction du Dioxyderdiium

identified by post-mortem analysis. Other experitabn
observations have already characterized this compams
"sluggish to be formed". These results show theomamce of
the kinetic limitations concerning the study of t0©, + C
interaction. These experiments show that the foroatide
is mainly localised on the edges of pores, of fai it is
consistent to associate it to g@and/or CQg gas release.

The difference between calculated pressures
profitable to evaluate evaporation coefficientseiftvalues
will make it possible to establish the involved ai@nal

limiting mechanisms: surface, interface or diffusio
NOMENCLATURE

S = Integration constant

C = Clausing coefficient

Am = Mass loss of the sample

¢ = Degree of conversion

I; = Measured ionic intensity of thespecies
K, k= Reaction rate constant

ko = Diffusion rate constant (Cifs)

m = Sample mass

M; = Molar mass of thespecies

p; = Partial pressure of thespecies

r = UG, particle radius

R = Perfect gas constant

s = Surface

S = Sensitivity of spectrometer for thepecies
t = Time (0 = initial,f = final)

T = Temperature (K)

Vo = Initial volume of the fuel particle
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