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Chapter 1. Introduction

The world’s population expansion and its endeafar a better life quality to
everybody tend to a large increase of the energysielhe worldwide demand is expected to
increase of about 50% between 2000 and 2030, dauBi@50. However, since the end of the
20" century, the humanity realized his environmentapacts and potential long-term
consequences for global climate change. The fossdurces are broadly used because of
their low cost and relatively easy accessibilitiiey are nevertheless not sustainable energies
and high carbon dioxide issuers. The position ohiber national governments is to develop a
wide range of energies clean and cost effective. Attlear energy is one of the candidates to
deal with this abrupt energy rise. Important resleaprojects have nevertheless to be
undertaken to improve the safety and nuclear wastgling.

1  Generation IV nuclear energy systems

In 2000, ten countries (Argentina, Brazil, CanaBeance, Japan, the Republic of
Korea, the Republic of South Africa, Switzerlanitg United Kingdom and the United State)
agreed on a common nuclear energy developmentoandl the Generation IV International
Forunt (GIF). The European Union joined the GIF in 2008ey all agreed on a common
charter, a technological roadmap which must guide tesearch and development for
innovative nuclear energy systems. Figure 1 shawsverview of the five generations of
nuclear energy systems. It started in the 19503 @atly prototype reactors, the generation Il
corresponds to commercial power plants construatethe 1970s and the third one are
improved models that are currently constructed.yTaféer principally advances in safety and
economics. The generation IV energy systems invob reactor types, more efficient, safe
that may be used to produce secondary goods. I2,20& first concrete results of the
undertaken research projects are expected to #tlewlifferent GIF members to decide about

building or not these new reactors.
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Figure 1: Overview of the five generations of nuckr energy systems

The GIF challenges will involve not only a demaeason of technical feasibility but
also the development of robust industrial scaleitsms. Four main criteria are taken into
account for Generation 1Y/

» Sustainability: Generation IV nuclear energy systemust control the resources to
assure energy for the present and future societgsielThey will have to meet the
objectives of minimizing environmental pollutionchallowing an efficient fuel cycle.
To decrease the volume of nuclear waste destinémhtpterm storage, processes are
being developed for burning the minor actinidesrider to decrease their radioactivity
and decay time. Important research is also cam@dfor waste confinement and
storagé.

» Economics: Generation IV nuclear energy systemd meigconomically competitive
over other energy systems. The building cost habetcefficiently lower and the
entirely fuel cycle, including recycling costs, sl be quantitatively taken into
account. For example, the fuel elements temperatiliebe increased for a better
efficiency of converting heat to electricity andwill permit to produce secondary
goods as hydrogen.

» Safety and reliability: Generation IV nuclear enesgstems have to meet and excel in
all safety recommendations more than the currenteau plants do. This notion has
high priority particularly in view of a broader pidacceptance of nuclear energy.
The incidence of human errors on malfunctioning oéactor should be minimized as
much as possible, and the consequences of anyuaVetcident should be confined
to the inner part of a plant by as many passivetgalystems as possible.



» Proliferation Resistance and Physical Protectiomnézation IV nuclear energy

systems must secure nuclear materials and fasildgginst terrorism and citizens’

health. The fuel forms should be unattractive f&r development of nuclear weapons,

containing for example the fissile isotopes in cloainforms inadequate for bombs

manufactur

ing.

Six different systems have been selected as tidseh best match the criteria

presented above; they are listed in table 1. Ealfh i@ember will choose one or more

systems according to their own needs.

Very High Gas-cooled | Sodium- Lead- Super Critical | Molten
Temperature| Fast Reactor] cooled Fast | cooled Water-cooled | Salt
Reactor Reactor Fast Reactor Reactor
Reactor
Oxide P P
1 Metal P
w
o | Nitride S P
Carbide P
@ Advanced
S S P P P P
§ aqueous
o Pyroprocess S P P P P
Generation-1V goals
Efficient electricity ] ) ) ) ) ]
) Very High High High High High High
generation
Possibility of high ] ) ]
Very High High Low Low Low Medium
temperature process
Sustainability : )
. — . . . . Medium/
creation of fissile Medium/low High High High Low High
i
material I
Sustainability :
transmutation of Medium Very High Very High | Very High Low High
waste
Potential for passive ) . ] )
High Very Low | Medium/low| Medium Very Low Medium
“safety”
Current technical ) ] ) ) .
o High Medium/low High Medium Medium/low Low
feasibility

Table 1: The six fourth generation nuclear energy ystems selected (P: Primary option; S: secondary

option)



2 The research and development project

The main framework of this PhD project is the istigation of very high temperature
(T > 1800 K) behaviour of materials employed in leac reactors of the Fourth Generation,
and in particular the nuclear fuel. Among the fuelgorted in Table 1, the main focus of the
current work is on actinide carbides and oxidessEhare refractory materials, i.e. they can
be used at very high temperatures, melt above RO(@ most cases, above 2500 K) and
maintain good mechanical and thermal propertiestapmelting. Although such high
temperatures are normally not reached during oparaf most nuclear plants (the centreline
temperature of fuel elements in some fast reaatorstitute exceptions), it is nonetheless
important to investigate the behaviour of thoseamals in case of a thermal excursion of the
reactor core up to temperatures close to or beyogiting. Moreover, the melting point and
behaviour of those materials constitutes an importaference point for high temperature

theoretical studies (e.qg.: the fuel Equation ot&§tas well as for pure basic research.

The high temperature research field was initiadédhe Institute for Transuranium
Elements (ITU) of the European Commission’s Joiaséarch Centre (EC — JRC) in the late
1980’s and during the 1990’s when the first highvpolasers were purchased and employed
as heating systerhsin parallel, fast multi-wavelength pyrometry teiues were developed
for temperature measurements. In the last decdmsettechniques gave the necessary
experimental background for advanced studies oh higmperature thermophysical and
thermodynamic properties of conventional nucleal,fessentially stoichiometric and non-
stoichiometric uranium dioxide, and (U, Pu) mixedxides (MOX) with low-Pu content (up
to 15 at.% P)°. Within the current PhD thesis, this field of intigation is extended to other
fuel forms, mostly envisaged for the nuclear plarthe Fourth Generation.

Among the oxide systems investigated here, pdatidacus is given to high-Pu MOX
(up to 100 at.% Pu), and to minor actinide oxideanfely, NpQ).In addition, very high
temperature phase transitions of uranium and pilutorcarbides are extensively studied with

the current experimental approach.

The many original results obtained in the curmastearch only in some cases agree
well with existing literature data. This shows hthe experimental approach employed in this



work (fast laser heating under quasi-containerlessditions and controlled atmosphere,
coupled with fast multi-wavelength pyrometry) petsnio overcome difficulties inherent to

the experimental investigation of materials at veigh temperatures, at which the sample
reactivity is greatly enhanced and its chemical mreghanical stability becomes very limited.
All these aspects will be extensively discussetthéfollowing chapters for the different types
of materials studied. Thus, the results and commhgsof this PhD project have the double
objective of enriching the databases of physicaxibal properties of actinide compounds,
and becoming a starting point for further reseanctinis same field, where experimental data

are still rare and often controversial.

3  Materials

3.1  Nuclear energy systems and nuclear fuels

A huge amount of energy is produced from the tapditof heavy nuclei, which is
technically called nuclear fissianNuclear fission can occur spontaneously or bedad by
neutron bombardment in a number of nuclides omatei elements, which are then called
fissionablenuclide§. Only very few of those nuclides can however poejwpon fission,
neutrons in the right number and energy to induckaan reaction which can effectively be
exploited for energy production. Those nuclidescaléedfissile Technically, only three such
nuclides can nowadays be exploited for the prodoctf nuclear energy*>*U, U and
2%y, Among those, onl*U is abundant enough in nature to be used as @autlel
without further artificial isotope enrichment orogiuction.?**Pu is produced from neutron
bombardment of*®U (the most abundant uranium isotope in naturepreds™U is obtained
by neutron bombardment 6¥Th, through a complex and expensive process. Iretige the
most used and common fission nuclear fuels*até and***Pu. These isotopes are exploited

as nuclear fuels in uranium — plutonium metal onpound.
3.2  Oxide and carbide fuels
Traditionally, and historically, the most commadmemical form for the nuclear fuel

elements is the dioxide, mostly J@ontaining a certain amount of Pu@ompared to other

fuel forms (pure metals, carbides, nitrides, fldes, other oxides etc.) the dioxide has the



advantage of a good chemical stability at the mragperational temperatures, and a fairly
easy preparation process due to its stability dtiamt conditions. The majority of existing
light water reactor (LWR) plants utilizes uraniuixide as fuel. However, plutoniurftPu)

is created during irradiation through neutron ceptoy®3®U and chemically stabilized in the
UQO, crystal lattice. Although part of this plutoniussubsequently fissioned in the reactor, it
is still present in significant amounts in the falthe end-of-life. In order to utilize this
resource, a humber of countries have chosen totamgputonium recycling policy. The
reprocessed plutonium is mixed with uranium dioxidgoroduce mixed oxide fuel (MOX).
Originally intended for use in fast reactors, MGXniowadays extensively used in light water
reactors (LWRs). MOX is produced by a mechanicacpss to mix powders, but new
techniques of manufacturing are developed for tleparation of these fuels. Based on co-
precipitation or sol-gel methods, they focus on piheduction of a single powder with the
required uranium plutonium ratio. In this way, tpkitonium generated in nuclear power
reactors can be re-used and the quantities ofcfed) uranium needed for fuel production as

well as the volume of nuclear waste for final disalcare drastically reduced.

Generally, the plutonium content in LWR fuels remeelatively low and does not
exceed the 15%, but liquid metal cooled fast readtMFR), operate with MOX containing
up to 30% plutonia. In future, the needs for fadisposition of plutonium, for the conception
of compact reactor cores and of better efficiendy lead up to use MOX of high plutonia
MOX (>30%). The use of this type of fuels requisesurate thermophysical data to ensure
safe reactor operation. Available literature infation for MOX containing more than 30%
Pu is limited. Numerous questions remain, justame few of them some doubts concern the
chemical compatibility with the core materials bétreactor, with the coolant system, the fuel
behavior under mechanical stress, irradiation enawnder different oxygen partial pressures.
It must be also mentioned that if the U-O systems lieen extensively investigated, the Pu-O,
as all other actinide — oxygen systems, remaing uecertain. Consequently the U-Pu-O
system is also not well known and the (U,Pu¥Xperimental data and thermodynamic

models still need to be assessed.

Carbide fuels constitute a valid alternative tades thanks to their higher density of
fissile material. Moreover, the metallic thermalndactivity (Figure 2) and high melting
temperature of actinides (An) carbides ensure ladnigonductivity integral margin to melting
(CIM) for these materials with respect to the thiadial UG,, UO,-PuG; fuels. The CIM is an

6



important parameter of merit for the fuel perform@nand is defined by the following

integral:
Tmelt
CIM = [A(T)dT
Top 1)

Here, Top is the reactor operational temperature at the-dlaelding interface (around 800 K
for LWR, up to 1500 K for the Generation IV veryghitemperature reactors) angefis the
fuel melting temperature. The higher is the CIM; ffafer and more efficient is considered the

reactor.
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Figure 2: The thermal conductivity of some actinidecarbides and carbide oxides compared to uranium
dioxide. £10% uncertainty bands should be assigned to each me. The shaded area in the low-
temperature part of the Uy gPu0,C curve indicates larger uncertainty in the low tenperature values for
this compound. Heat conduction takes place in cartes via phonon and electron transport, the first

prevailing at low temperature, and the second at lgh temperature’.

This feature, together with the better compatipilvith liquid metal coolants of
carbides compared to oxides, are further reasoksmaf them good alternative candidates
for high burnup and/or high temperature nucleal. fOa the other hand, uncertainties on the

An carbides behaviour mostly linked to metastap#ibhd uncontrollable oxygen and nitrogen



impurities still represent an obstacle to the fedition and employment of these materials. A
further drawback is represented by the difficultyrecycling unused fissile fuel from spent

carbides through established chemical processes.

For all these reasons, carbide fuels are preferédieseen in reactor types not
conceived in view of fuel recycling, but rather faigh burnup and operational temperature
(GFR or VHTR). One interesting form for those sartseactors is represented by the coated
particle fuel geometry. In this fuel conceptiorg(fie 3), the fissile material is included in the
reactor core in coated micro-spheres (or "pebhldsiijs way, the thermal exchange between
the fuel elements (the microspheres) and the co@damaximized, and the temperature drop
between the fuel core and its periphery is minimhiZEhese conditions are therefore optimal
for a very high operational temperature of the pldoreover, the small volume of the fissile

elements ensures effective passive safety agaipst-€ritical nuclear accidents.

outer pyrolytic carbon
silicon carbide

inner pyrolytic carbon

porous carbon buffer

fuel kernel

Figure 3: the coated particles fuel concept.

Uranium carbide pellets were traditionally usedwsed kernels for the US version of
pebble bed reactors as opposed to the German ndyas®ed on uranium dioxitleAs for the
currently envisaged fuel for the Generation IV macl systems, mixed uranium-plutonium
carbides (U, Pu)C constitute the primary option tlee gas fast reactors (GFR), whereas
monocarbide oxide UCO is the first candidate fa ¥lery high temperature reactor (VHTR).
In the former case the fuel's high actinide denarny thermal conductivity are exploited in
view of high burnup performance. In the latter, U@l is a good compromise between

oxides and carbides both in terms of thermal cotnticand fissile density. However, in the



American VHTR design, the fuel is a 3:1 ratio of £)@C, for one more essential reason,
which was well explained by OlandeDuring burnup, pure UDfuel tends to oxidize to

UO,.x. UOu4 reacts with the pyrocarbon coating layer accordintpe equilibrium:

UOsx+ XC - UO, + XxCO ()

The production of CO constitutes an issue in theTRHbecause the carbon monoxide
accumulates in the porosity of the buffer layere TO pressure in this volume can attain
large values and, along with the released fissempyessure, it can compromise the integrity
of the coating layers and contribute to the keméjration in the fuel particle ("amoeba
effect”). In the presence of YQhe following reaction occurs rather than reac{i@) in the
hyperstoichiometric oxide fuel:

UO,.x + XUG, - (1+x) UG, + 2xC (3)

Because reaction (3) does not release CO, it i®rdesirable than (2) in view of the fuel
integrity.

The Pu-rich mixed carbide is used for the IndiaastFBreeder Test Reactor
However, pure plutonium carbides present the dralybaith respect to pure U or mixed
carbides, of some thermophysical properties (siucha dow solidus temperature and low

thermal conductivity) less suitable to a nucleasl.fu

Other chemical forms of the nuclear fuel have besed or envisaged, such as pure
metals or nitrides. Although these are advantageoterms of CIM and fissile density with
respect to carbides and oxides, their reduced datnstability and difficult preparation
procedure have limited their application to a feavtigular cases. Like the actinide fluorides,
essentially employed in the molten salt reactorSRY these fuel forms have not been

investigated in the present study.



4  Phase diagrams

It is a primary goal of the present PhD projectirteestigate the high-temperature
phase stability of chemical systems (namely aatinakides and carbides) constituting
specific nuclear fuels. Knowledge, as it can bentbin the current scientific literature, of
binary, pseudo-binary and, in some cases, terfagediagrams of such chemical systems is

the starting point of the present research.
4.1  The uranium plutonium dioxide phase diagram at hightemperature

The first experimental studies of the pseudo-lyind®, — PuQ phase diagram were
performed in the 1960s. They were based on solidliguidus measurements obtained by
thermal arrest technique on tungsten-encapsulaaetplsd®*? In the last decade, first
Carbajd® and more recently Guéneau et“aproposed a phase diagram based on these
experimental data and thermodynamic modeling antimagation. According to these
assessments, the uranium and plutonium dioxidea forcontinuous solid solution and the
solidus and liquidus temperatures show a nearlalidehavior as shown in Figure 6.
Adamson et af proposed the following equations to fit the safidind liquidus curves (x is
the Pu@ mol%):

Tooias(K) = 3120- 6553x + 3364x% — 999%° @)

T uises (K ) = 3120~ 388.1x ~ 3042 ©)

However, recently Kato et al. published a neweexpental study in which the
commonly accepted phase transition temperatures geestioned and considerably higher
values were proposed in the composition range f@nto 100% Pug® While they
essentially used the same thermal arrest techraqua the 1960s, the authors of this latter
study paid particular attention to the effect oa theasured melting temperature of not only
the exact oxygen-to-metal-ratio, as previous ingasdrs had done, but also of sample-
containment interactions. Thus, they obtained highelting transition temperatures than
earlier researcher did. They could also attribite bbwer value of previous studies to
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extensive interactions between MOX samples withu@.Ftontent higher than 20 mol% and

tungsten, the typical crucible material in this parature range. Their approach for avoiding
this problem was to first encapsulate the high Pc@tent samples in an inner rhenium
container, which was in turn enclosed in the tumgsirucible. However, even so it was not
possible to measure the melting temperature of Bwé& directly, because in that case

rhenium was not inert enough either, and the sugdeslue had to be estimated from an
extrapolation of the measurements at lower Pc@hcentrations based on an ideal solution

model.
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Figure 4: UO,-PuO, region; The circles correspond to the experimentatlata by Lyon and Bailey®, the
triangles by Aitken and Evans', and the squares by Kato et af; The solid lines represent the
recommended liquidus and solidus by Adamson et &| the broken line the ideal liquidus and solidus

based on Lyon and Baile}f, and the dotted line the liquidus and solidus suggted by Kato et al.

UO, and Pu@ have both the fluorite-type structure and both poumds have
actinides with a +4 degree of oxidation. Howevdreyt can have number of different
oxidation states and exist respectively as hypostometric (MQ.x) or hyperstoichiometric
(MO,.y) states. This particularity can be explained basedthe degree of f-electron
localization. Although this approach is beyond Hwopes of the present research, it is
important to recall its main conclusions in ternfsetectronic valence of these elements:
uranium has delocalized f electrons and can dispddgnce +3, +4, +5 and +6; on the other
hand plutonium has more localized f electrons whack more bound to the actinide ion
which normally has valence +3 or +4. Although reteAshke et al'® demonstrated that,

under particular conditions and in the presenckl@, the plutonium dioxide can also exist
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with higher valence. However, these conditionsfardrom being reproduced in the current
research. These phenomena can be resumed in thgramd terms by stating that
stoichiometric Pu@has higher oxygen potential than stoichiometric, i&s. This results in
an additional difficulty for the high temperatureasurements. While the uranium dioxide is
easily oxidized, the plutonium dioxide is easilydueed. Thus even with a general
stoichiometry of the mixed oxide of uranium andtphium, it is possible to create multiple

oxide phases through oxygen exchanges and dispiammag of the actinides

Considering the assumptions of Kato etalit quickly appeared interesting to re-
measure the melting temperatures of the (U, Pu) M@K a new experimental approach. As
explained above, the two main difficulties in thésearch are the sample reactivity with their
holder/crucible, particularly for the high plutomu content, and the control of the
oxygen/metal ratio during the thermal treatment.oTparallel series of experiments were
performed: the first concerned the study of pur®fand the second the study of different

MOX compositions with Pu content varying from 25t mol%.

4.2  The Neptunium dioxide

Neptunium is the first transuranic element. Itsstnstable isotop€>'Np (half-life =
2.14410° years), is a by-product of nuclear reactors antbpium production. Neptunium is
also found in trace amounts in uranium ores dugalesmutation reactiorf&'Np is formed

either bya-decay of*’Am or from?**U by neutron capture:

- 237
Y nmt L U +n L BTU DA ER LT Np (6),

23'Np is the most mobile actinide in the deep geoklgiepository environmeht Moreover,
due to its long half life, it becomes the major triutor to the radiotoxicity after 10000
years. This makes it and its predecessors suétas candidates of interest for destruction
by nuclear transmutation. Knowledge of Np oxidesperties® is therefore important for the
management of fuel waste, as well as for transnomabncepts, like the Generation 4 idea of

"minor actinide burning" and “"deep buth" From a basic research viewpoint, a sound
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determination of the NpOmelting point constitutes an important data in #oéinide oxide
series, which can help the understanding of thelesftron behaviour in these compounds.

Melting point measurements of NpQvere published twice prior to the present
research project, by Chikalla et?diin 1971 and by Richter and Sarin 1987. In both cases,
NpO, specimens were heated to melting in a resistanoade whereby the temperature was
measured by filament pyrometry. The melting porefsorted in these two publications are in
good agreement, (283050) and (282@ 60) K respectively. Like in the case of PuO
however, these results may be affected by the bigigen potential of quasi-stoichiometric
NpO,, resulting in important oxygen losses at high terafure. It has therefore been decided
to undertake a new the measurement of the Np@lting/freezing temperature with the
innovative fast heating method used in this Phdystu

4.3  The uranium - carbon phase diagram

The uranium - carbon phase diagram (figure 5)gmssthree stable compounds, the
uranium mono-carbide (UC), the dicarbide @Y@nd the sesquicarbide {Ck). The main

characteristics of these compounds are summaniz&dble 2.

Several experimental and theoretical studies eotistUC and the different authors
generally agree on its physico-chemical charadiesislt is stable from room temperature to
its melting point ((278& 20) K). Its structure is rock-salt (B1, space gr@z25), however, at
high temperature (>1400K), UC can exist in both pdstoichiometric and
hyperstoichiometric fornfa It can accommodate either carbon vacancies oexaess of
carbon atoms substituting a single carbon with ¢ardons.

Some features of uranium sesqui- and di-carbidestilt controversial. The uranium
dicarbide phase exists in two different structusetgtragonal form at lower temperatures (
UC,) and a cubic form at higher temperatugdJC,). UG, exists in the hypostoichiometric
form, its stability limits in equilibrium with C vging from UG gyat the lowest temperatures
to UC, gpat the highedt. a-UC, has a hypo-stoichiometry domain extending fromdiwdon-
rich boundary to a phase limit in equilibrium with,Cz, which extends to Usg at its
maximum temperature (2057 K — Figure 5). At higtemperature, kCs is in equilibrium
with B-UC,.x. The martensitic transformation frosn to -UC, occurs at around 2050 K. The
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latest studies on thp-UC, structure were performed by Allen et?al.They used a high
temperature neutron diffraction method to demotestthatp-UC; is of the type B1 KCN.
These conclusions rule out the GafEructure previously proposed by Mallet and agvéh
the complete miscibility of UC and U@t high temperatufé The sesquicarbide has a body-
centered (bcc) cubic structure (space groufBd, No. 220). It is stable from 1200 K to
(2100+ 25) K*'. Below these temperatures it exists as a metaspiiaise since UC+C are the

stable phases. 03 decomposes with a peritectoidal reaction into l@ndp-UCs,.,.

Seaf® determined the borders of the miscibility gap lestw these two phases by
microstructure analysis on quenched samples. Theerldimit of this miscibility gap
corresponds to a peritectoid (2106 K) delimitedwsetn C/U =1.1 and C/U = 1.7 and its
maximum temperature is 2323 K at a compositioneckmsC/U = 1.3. The domain situated
between the miscibility gap and W@ still under discussion but some new studieghis
point may help to understand the transition from, tdfCU,C3. At higher temperature, UG
and p-UC,., are fully miscible, so that some auttfdridentify them rather as UG, and
UCi.x'. The liquidus line presents two maxima between &id UG at (2780t 20) K and
(2730« 20) K corresponding to the melting point of UC au@; o respectively. A minimum
temperature around 2675 K is observed between CI1% and C/U = 1.6. Although melting
temperatures in the literature show large dispargmwobably due to the sample impurities
and alteration during the heat treatment, the paissessed by Fiscfecan be considered as
reliable within the reported uncertainties. Theuidys and solidus lines are very close

together at all compositions, and can hardly bengdjgished experimentally.
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Figure 5: The uranium carbon phase diagram
Compound Lattice Space group Structure
parameters @.upru;. ®-C
4.9605 A
UCio
UC1x NaCl-FCC
uc 4.9563 A
0.03 Of - Fm3m (Nr. 225)
UC, above
: a=5488 A
2038K
_ a=3519A;c
U-rich
=5.9787 A
= CaC,-tetragonal
below 17
a=3.5241 A: Dzp — 14/ mmm (Nr. 139)
2038K | c-rich ' ’
c=5.9962 A
BCC - 8 molecules per unit cell
U.Cs 808.99 pm _
TS ~143d (Nr. 220)

Table 2: Uranium carbon compounds and characteristis (D. Manara, F. de Bruycker et al.,

submitted to comprehensive nuclear materials)
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Despite the significant number of studies carriegt on this phase diagram,
uncertainties and questions remain. Part of thefaan F-Bridge project, to which some of
the current research contributes, deals with thst#ke open issues on the carbide fuel

behaviour.

The data obtained from literature on the liquidmsl solidus temperatures present a
large dispersion of points. A series of experimdrds been performed in the current PhD
work to contribute to the determination of morewaate values. In order to accomplish this
project, studies of eleven compositions of uranicanbon have been made in the range
composition from C/U =0.8 to C/U = 2.1.

4.4  The plutonium - carbon phase diagram

The plutonium carbon phase diagram is shown figur®ur stable Pu-C compounds
have been identified: BG,, PuG.x, PuC; and Pu@ (table 3).The Pu-rich solid region is
characterized by the six allotropies of Pu statldenfroom temperature to the melting point of
e-Pu at (910 +5) R The allotropic temperatures of pure Pu are ndéiuénced by C
additions, consistently with the negligible solitlgilof C in all the different Pu forms. The
melting temperature of-Pu is reported to decrease by 8 K upon additio® dfaces. The
allotropies of pure Pu will not be treated in amytlier detail here. The two phase region
extends to 40 at % C, corresponding to the compasiRuC,. This compound (the so called
(-phase) was observed already by researchers ipetjfianing of the 1960's, but its structure
has not been determined yets@udecomposes into Pu+PuC at 848 K. Despite siméarih
the crystal structures of carbides of uranium altbpium, the phase diagrams of these two
systems are very different. The main reason ofdtiference comes from the lower stability
of plutonium monocarbide. It is always a hypo-stametric compound whose homogeneity
extends only to the narrow composition range & Y Pu< 0.94. Contrarily, UC is almost a
line compound up to ~ 1400 K and has a very wide-stoichiometry in the temperature
range ~ 2300 to 2700 K. Py decomposes peritectically into #84 + liquid at 1900 K.
PwCs; is probably the most stable compound in the Pystem. It also melts peritectically at
2300 K and decomposes into Bu€liquid. It has a small non-stoichiometry whishnot
very well established. Like UCtetragonal Pugis also stable in a narrow temperature range.
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This phase, also calledPuG, can be quenched to room temperature as a mdagtadse,
and was observed to transform into fcc KCN —likeHayper et al. around 1983k

The Pu-C system has been recently critically reggtwy Fischer, who proposed a phase
diagram based on Gibbs energy CALPHAD optimizatioRischer’'s phase diagram is shown
in figure 6 but it has been corrected to fit expemtal values of the temperature, rather than
values obtained by Gibbs energy optimization. Alde high-temperature C-rich part of
Fischer’'s phase diagram has been slightly correegdke into account the-PuG - -
PuG transition detected by Harper et al. around 1983 B - PuG is assumed to melt
congruently around (2520 + 30) K, according to Mars phase diagrath This behavior
implies the existence of a PuG C eutectic in agreement with Fischer's Gibbsrgyne
calculations. This eutectic has never been expeatalg investigated until now, although
Marcon's Pu partial pressure measurements showthieatiquid formation temperature

remains probably constant for a certain compositémge between Pu@nd pure C.
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Figure 6: The plutonium carbon phase diagram
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Compound | Lattice parameters Space group Structure
@.uru; ®-C

PuC, a=3.63A:c=6.004 A KCN-FCC
a=572A (2023 K) Of ~Fm3m (Nr. 225)

PuGx | a=498.13-1.50[1—C/Pu) NaCl-FCC

pm Op - Fm3m (Nr. 225)

BCC - 8 molecules per unit

Pu,C;
812.1 <a<813.4 cell

TS ~143d (Nr. 220)

Table 3: Uranium carbon compounds and characteristis

The experiments carried out for this PhD thesisewecused on the two compounds
PuG.x and PyCs. These studies were needed to complete the literalata. Only few
authorg® proposed some measured values for the liquidustendalculated phase diagrarths
do not perfectly fit these points. Knowledge of tbdthe uranium - carbon and plutonium -
carbon phase diagrams is also the starting pomthf® investigation of the ternary uranium-

plutonium carbon phase diagram.
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Chapter 2. Experimental

1 Laser heating experiment

Measurements of thermophysical properties at tegtperatures are hampered by the
enhanced reactivity of materials, particularly Ire tliquid state, as well as increased heat
transfer, vaporization, loss of mechanical stremgth These experimental difficulties steadily
grow with temperature, just like the kinetics ofrsoof those undesired phenomena, placing
severe limitations on steady-state and quasi-stetadg techniques. Limiting the time during
which the investigated materials are subjectedgb temperatures is one way of overcoming,
or at least reducing, some of these limitationss,Tés well as advances in sensor technology
and high-speed instrumentation, has been driviegdé&velopment of modern sub second
pulse-heating techniqués. These techniques can be traced back to the @@sland the
pioneering work at the U.S. National Bureau of 8tads (presently National Institute of
Standards and Technology). Combining these twocimlies, namely short measurement
duration and containerless conditions, a techniasebeen developéih recent years at ITU
with the specific goal of investigating nuclear erals at very high temperatures and

particularly around their solid-liquid transitiofigure 1).

One channel is used for radiance temperature, the other to
detect changes in bi-directional reflectance
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Figure 1: Schematic of the laser heating setup emgted in this research
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In a typical experiment, the sample is mounteddam&n autoclave with controlled
atmosphere. The surface of the sample is laseetieditove its melting transition and left to
cool naturally. The temperature is measured witsapyrometer and classic thermal analysis
is then applied on the cooling part of the recorttedtmogram for the determination of phase
boundaries. Deviations from a smooth curve mayakepbase changes, a freezing plateau
being the most prominent example. For measurenoenisemitting radioactive materials, the
autoclave is placed inside a Plexiglas glove b@t girovides adequate shielding. The non-
contact character of laser-driven heating and titapdiagnostics, in general, is then of great
advantage as it simplifies glove box design by cauy the number of the necessary
feedthroughs.

1.1  Sample holder

Depending on the size and shape of the sampgkegither supported in a 3- or 4-pin
mount, in practice realized by graphite or tungsterews (Figs. 1 and 2a), or fixed in an
alumina ring using a Cotronics® high temperatursistant ceramic glue (Fig. 2b). The
autoclave (Fig. 2c) allows performing heat treatteennder appropriate gases with a
maximum pressure of 0.25 MPa in order to limit wagetion. By focusing the laser onto a
spot that is smaller in diameter than the sampitase, only a limited area in the central part
of the sample surface is melted. The surrounding gdathe sample is still solid in both the
radial and the axial directions, and is considgraidoler the further it is from the laser-
irradiated area. This solid part of the sampldfitse&n be considered to form a kind of “self-
crucible”, assuming the role of a buffer that irrdes the area of interest from the sample
holder. It thereby effectively establishes contdess conditions in the sense that no

contamination with foreign material takes placé¢hat area.

ample

UCs Molten part

f

Molten gart i
(@ (b)

Figure 2: Uranium carbide sample (a) supported in &-pin mount, or (b) held in place by ceramic glue,
and (c) laser-heated to a high temperature.
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1.2 Heating agent

The core component of the current setup is ansim@lrstrength, continuous-wave
Nd:YAG laser operating in the near infrared (1064) nits high maximum power of 4.5 kW,
coupled with the surface-heating character of arlaspinging on an opaque material, allows
achieving heating rates on the order of Kos* and temperatures exceeding 3000 K in a few
tens of milliseconds. The laser powes. time profile (length and power) is programmable
with 1 ms resolution via a computer, and fast milsEn therefore be generated. The heating
and cooling rates are adapted to the needs ofegmriment, with a time scale varying from
some milliseconds to several minutes or longernGtirough an optical fiber, the laser beam
is focused on the sample surface with a spot diemvetrying between 3 and 8 mm depending

on of the lenses used.

1.3 Pyrometry and temperature measurement

a) Theoretical Background

Optical pyrometry is practically the only temperat measurement technique
available for the fast measurement (sub-millisecesblution) of high temperatures (above
2000 KY. Temperature is inferred from a measurement ofaldént flux thermally emitted
by an area on the sample defined by the pyrometer's measuresp®t, into the solid angle
of acceptanceo of the pyrometer, and within the wavelength in&mA over which the
instrument responsivity is significantly non-zetb.44, i.e. the spectral bandwidth of the
pyrometer, is sufficiently narrow, the instrumenaymbe treated as quasi-monochromatic
operating at some effective wavelengtlwithin 4. In addition, ifA andw are sufficiently
small, the signal currems of the photon detector may be expressed as:

i p (T) = @ B‘Zp DR)V D:M Biw DLA (T) (l)
with
@=Hcos¢9mwmA ()
Aw

7p IS the effective transmittance (including refleatiosses) of all the optical elements
of the pyrometers,, is the effective transmittance of any optical vang between the sample

and the pyrometeR,; is the flux responsivity of the detector (in urifsA-W™), andL,(T) is
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the spectral radiance thermally emitted by the sarmptemperatur@ and wavelengtli into
w. O is the throughput of the beam collected by themgter optics, also called its étendue,
in the directiord, defined by the polar angle between the norm#ieécsample surface and the

direction of emission.

The spectral radiande, is defined at a point on a surface in the direction of a ray
through that point as the radiant powmwithin an infinitesimal wavelength intervek per
unit projected area perpendicular to the ray antdaoiid angle in the direction of the ray at
that point:

d’d

L = 3
* dAlcosd [dw[dl ®)

Planck’s radiation law establishes a link betwdenspectral distribution of radiance
emitted by an incandescent body and its temperafaneso-called blackbodies and in terms

of the ‘local’ wavelengtii in a medium with refractive indexit takes the form:

_ o ¢, ). ,l°
L, (T)= pex=r {exp(—nﬂnj 1} (4)

where ¢y, = 2-h-ci® is the first radiation constant (for radiantk and e =h-co-kg is the

second radiation constamt,. is the speed of light in vacuutn,s Planck’s constant of action,
andkg is the Boltzmann constant. It should be noted ¢hais related tac;, the first radiation
constant for exitance usually encountered in liteeg byc; = z-c;.. For the purposes of the
present work, the index of refraction was alwayemato be equal to 1, whereas a valok
14388 um-K was used fos.

A blackbody is a surface (material or geometritia$it absorbs all radiant flux of all
wavelengths and polarizations incident upon it fralinpossible directions. For a prescribed
temperature and wavelength, no surface can emie rim@rmal radiation than a blackbody.
Furthermore, a blackbody is an isotropically difugambertian) emitter, i.e. the radiation
emitted by it is independent of direction. Althoutjiere is no real surface that precisely has
these properties, the concept of a blackbody isfulse describing the radiative
characteristics of real surfaces. The closest apmpaiion to a blackbody surface is given by

the aperture of a cavity (an opaque enclosure) hroger surface is at uniform temperature.
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The ability of a real surface to emit thermal rédia, as compared to that of a
blackbody at the same temperature, is expressederims of its spectral-directional

emissivity? ¢;:
L, (T) = (T) L, (T) )

As the name implies;, and therefore alsb;, will generally depend on the direction
of emission, in addition to its spectral and terape dependence. For emission in the
direction of the surface norma! € 0°), in particular, it is called normal specteahissivity.
For near-normal emissior® (Up to approximately 20° for metallic materials, taplarger
angles for non-metallic materials) is very nearly constant and equal to the valughef
normal spectral emissivity Since pyrometers in the present work were alvesgsup near-
normal with respect to the sample surface, theeadgpendence ef was not considered and,

unless explicitly stated otherwise, ‘emissivity'liélways refer to normal spectral emissivity.

A practical approximation to Planck’s law, accertd better than 1% for wavelength-
temperature productsT < 3100 um-K, is Wien’s law:

Lﬂb(T)=iex;{— = j (6)

° A0
For non-blackbodies:

LA(T):e,V(T)E-Ijl—SLex;{— & j )

A0

A very useful concept in pyrometry is that of mutke temperatur&,. This is the
temperature measured directly by a pyrometer thatdeen calibrated in terms of blackbody
radiance. In other words, it is the temperature snesd by a pyrometer assuming that the
emissivity of the target is equal to unity (perfétackbody radiator). It is related to true

temperature, within the range of validity of Wiekasv, by

@ Emissivity is the term normally reserved for the intrinsic property of the bulk material, which is function of its
electronic and vibrational structure. Emittance, on the other hand, refers to an extrinsic property, which of
course depends on the emissivity of the material, but also on its surface morphology (i.e. roughness). An
extreme example would be a blackbody cavity that has an emittance very close to unity even though the
material is is constructed of can have a significantly lower emissivity. For an optically smooth, perfectly clean
surface emittance and emissivity are identical. However, most often in literature emissivity is used regardless
of the surface morphology and this practice is adhered to also in the present work.
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1 1.4 Ing, (8)

T T, ¢ '
as can easily be verified by settibg(T,) =L,(T) and combining Egs. 6 and 7. Since for non-
blackbodiesg, is always lower than unity, it follows thdt <T and that the difference

between the two depends on the operating wavelaigtie pyrometer.

b) Fast two-channel pyrometer

Two pyrometers have been used during this th8sith are two-channel pyrometers
utilizing logarithmic amplifiers. They are used toeasure simultaneously the radiance
temperature of the sample surface close to 650murtle Reflected Light Signal (RLS) of a
Ar” probe laser at 488 nm. The first pyrometer, dbedrin detail in Ref. 9, is equipped with
an adjustable grating system that allows tuning tine radiation detectors at different
wavelengths in the visible range. The second orenswer instrument with fixed operating
wavelengths. It is more compact and, therefore ensartable for use in tight spaces, such as
when a glovebox is set up on the optical tablenieasurement on active samples. This latter

pyrometer is described in the following paragraphs.

A simplified functional block diagram is shownkigure 3. The dynamic range of the
logarithmic amplifiers LOG1 and LOG2 allows an aggeynal temperature range from 1750
to 6000 K with a temporal resolution of L6 (settling time to 1% of log outputs). The
objective lens (2) collects thermal radiation fram area of 0.5 mm nominal diameter on the
sample (1) at a working distance of about 400 momfit. It focuses this light onto a tilted
mirror (4) with a central pinhole that acts as Hystem’s field stop. A folding mirror (8)
reflects the image of the sample, which is formadhe pinhole mirror (4), into a telescope
(3) for visual alignment on the sample area ofrgge Light passing through the field stop is
collimated by a lens (6) and spectrally split inki@ beams by a dichroic mirror. Each of these
beams passes through an interference filter bdfeneg detected by a Si photodiode. The
channel used for temperature measurements is ednédrout 650 nm with a bandwidth of
27 nm, whereas the channel used for the RLS deteituned to the laser wavelength of
488 nm with a bandwidth of 7 nm. The photodiodesrapunted in a bulk metal case that is
maintained at constant temperature by a high-pogcisniniature thermostat with a

microprocessor controller.
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Figure 3: The simplified functional block diagram d the pyrometer

The signal currents of the two photodiodes arevedead into voltage output signals
by the logarithmic amplifiers, which are then retmad on a Nicolet Pro® 44C digital
oscilloscope with a maximum sampling rate of 8-ddmples-& For the temperature channel
this output signal may be expressed, within thepdatemperature range for linear operation,
as:

V,.(T) =k, dog e (9)
out — Mo T\
T(T)
wherekiqq is the scaling constant of the amplifier, i.e.g&n in units of V/decade, amgs is a
reference current internal to the amplifier inteégda circuit. In terms of the sample

temperaturel or radiance temperatuile a working equation is obtained by combining Egs.
(1), (7), and (9):

B B
Vout(T) = A+? - kIog D]og[f/lw R‘i (T) = A+T— - kIog D]og[r/lw] (10)
A
i 5
A=Ky, (og R (11)
e Blp (R, U1 ¢,
B=k,, [[bgeGCf (12)
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A andB are instrument constants determined by calibragasthe base of the natural
logarithm €=2.7182818).

c) Calibration

Two Polaron® lamps with 2 mm-wide tungsten ribbfdlaments were used for
pyrometer calibration. A type 22/V vacuum lamp i@eno. P224c) was used in the range of
1100 to 1800 K, whereas a type 22/G argon-fillenda(serial no. P213c) was used from
1800 to 2500 K. The lamps had been calibrated 8V 18/ KR Technologie GmbH Stuttgart
and were calibrated again in 2010 by the Physig&aliBechnische Bundesanstalt in Berlin in

terms of their radiance temperature at 650 nmfasaion of filament current.

For calibration, the pyrometer and the lamp ateipeon an optical table. The lamp is
adjusted so that the tungsten ribbon is verticaighting pointer inside the lamp indicates the
correct position for calibration halfway along thilebon’s midline (Figure 4). The pyrometer
is focused on it and the lamp is rotated aboutetsical axis to ensure that the pyrometer’s
optical axis is perpendicular to the ribbon. A mank the back side (i.e. away from the

pyrometer) of the lamp’s glass bulb serves aswaVigid in this.

A stable constant-current power supply is usduett the tungsten ribbon. The current
Is slowly increased up to the first calibration fErature on the lamp’s certificate. A slight re-
alignment of the pyrometer is necessary at thimtpbecause of the ribbon’s thermal
expansion. This is important in view of the sigrafnt temperature gradient away from the
position indicated by the sighting pointer towan@ tooler filament supports. The signal of
the pyrometer is recorded with the Nicolet and ¢fammed to a PC through GPIB using NI
LabView® software. The current is then increasedthte next point on the calibration
certificate and the procedure is repeated up tdnijieest calibration temperature of the lamp.
The pyrometer is shielded from the lamp when nkintadata to prevent the pyrometer’s

optical components from heating up during calilomati
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Figre 4: Alignment of the pyrometer on the calibrdion lamp.

Since no optical window is used between the lamg the pyrometer during
calibration, Eg. (10) becomes:

Vou(T) = A+ TE (13)

A
The linear dependence of the output signal oninberse radiance temperature of the
lamp is exploited to derive the instrument constafatand B by means of a linear least-
squares fit. Using Eq. (12), the effective wavetangf the pyrometer is then computed from
the slope of the fit.

Sapphire windows are typically used in the optpaits of the autoclave and of the
glovebox. Even though sapphire is highly transpairethe visible range, its higher index of
refraction, as compared for instance to BK7 gldsads to increased reflectance losses.
Therefore, the effective transmittance of a sagphindow at the pyrometer wavelength was
measured by inserting it between the pyrometerthedamp at a radiance temperature of
2000 K. A value of 0.857 was determined, in exceli@greement with the value calculated
directly from the index of refraction of sapphire @50 nm. The angle dependence of this
window transmittance was also studied because yhameters are normally set up slightly
off-normal with respect to the sample and windawvas found, that this angle dependence is
insignificant for the purposes of this work, asroborated by index-of-refraction-based

calculations.
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Measurements were performed with the ceiling §gbh and off to check for any
effect of background light on the calibration, botdifference was noticed.

In order to check the offset stability with respeéo the internal noise of the
oscilloscope, this signal was compared to thatinbthwith a simple voltmeter without
interface (Fig. 5a) and the difference observed atasit 2 mV which is negligible. Electronic
fluctuations can be visible through slight variasoof the offset signal. To quantify this
effect, different series of measurements are peddrat regular intervals; both the zero and
the radiance of the lamp were measured each timegdli minute. Even if the offset (zero)

varied the radiance measured was always identagl $.b).

Average Nicolet: 2,694 V —1800KVo|meter
2714 Average Volmetre: 2,692 V — 1800K_Nicolet

957 E:z: "nizglos"urement
— Second "zero"
> — Se_corld me"asurement
2.70 } l N ‘ ‘ % 941 - iﬂ::g rrf:raosurement
> [H E
= il g i ‘M o
0 2.694 5 414
2.684 @
0 20 40 60 3975 20 40 60 80 100
time/s Time / ms
(a) (b)

Figure 5: (a) Comparison of signals recorded withtte oscilloscope and a voltmeter. (b) Pyrometer sigh
recorded on three different occasions with the lampat 1800 K. Even though the “zero”-offset of the
pyrometer varied, the “on”-signal was highly reproducible.

The calibration equation of the pyrometer was ioleth by recording its voltage signal
for different temperatures with the two calibratiamps from 1100 to 2500 K (Figure 6.a). If
it appears that the pyrometer response is notrlinelow a certain temperature, its effective
operational domain must be accordingly reduced.sTiwee equations of calibration are
established by fitting the measured points foreddht temperature ranges, namely A, B and
C. These equations are respectively obtained betdwd80 and 2500 K, 1800 and 2500 K,
and 2200 and 2500 K. The deviations from one todthers are plotted Figure 8.b. From
these results it can be considered that the pyermmesponse is linear already from at least
1800 K.
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Figure 6: (a) Pyrometer signal vs. inverse lamp teperature during calibration. (b) Difference between
calibration equations covering different temperature ranges.

The highest lamp-based calibration temperatu2580 K, but most temperatures of
interest in the present work are higher. This mehas the calibration equation has to be
extrapolated. At 3000 K, uncertainties of 1% (tgbifor the current equipment) already
correspond to +30 K. It is therefore important teeck the actual temperature accuracy by
measuring well-established melting points in thensatemperature range. The radiance
temperatures on melting of molybdenum and tungsa@nserve as secondary reference points
for high-temperature pyrometfy and were used to check in-situ the obtained pgtem

calibration.

Literature: Melting point Radiance Temp. at 653 nm

W: 3206 K +10 K

Mo: 2530 K +8K Measurement of Tungsten
—3170K

4000+

Measurment of Molybdenum
—— 2533K

3000 1

Temperature / K

2000

Time /s

(b)

Figure 7: (a) A molybdenum foil on which four lasershots were performed. (b) Measured thermograms
on molybdenum and tungsten.

Because of the significant thermal conductivitytioése materials, thin foils (about
0.1 mm thick) were used. The 1cm diameter allowediorming laser shots at several
positions on the same sample (Fig. 7a). Argon gbimare of about 2 bar pressure was used to

minimize oxidation. The difficulty was to melt erglu matter to get a pronounced thermal
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arrest without burning a hole through the samgtegure 7b presents thermograms obtained
with the molybdenum and tungsten samples. Long laomizontal freezing plateaus were

obtained. The agreement of the measured melting-padiance temperatures with the widely
accepted values at 653 nm was generally very gmothe order of 0.5%. Nonetheless, it was
often noticed that the measured temperatures woererthan the published values. This can
be caused by insufficient purity of the samplesyalt as by the presence of an oxide layer on
their surface. However, some dependence of theatieni on the experimental parameters
(mainly the laser spot size, the laser power, aedhkeating pulse duration) was also noticed.
A series of experiments was designed to examinghgh¢he so-called size-of-source effect

could also have contributed to the observed diffeges.

d) The size-of-source effect

The temperature reading of every pyrometer dependeme extent on the size of the
source it is aiming at. In other words, sourcesdfal temperature but different size will give
rise to different apparent temperatdfedhis is, of course, clear if the source undexfiie
nominal measurement spot of the pyrometer. Howeves,also the case with larger sources
and is referred to as the size-of-source effecEjSThe SSE is caused by the effects of
straylight originating from diffraction, inter-refttions between optical elements or between
surfaces of the same optical element (e.g. a lemsvandow), scattering at imperfections of
optical components and dust particles on them,feord optical aberrations inherent in the
imaging elementé. The combined effect is that part of the radiafi@m the nominal target
spot of the pyrometer is lost and, conversely, drthe radiation originating from the
surroundings is measured by the detector. The balenonly null in case of equal radiance
temperatures between target and surroundings. Boomgters optimized for high-
temperature measurements the output signal gepenalieases as the diameter of the hot

target increases beyond the nominal measuremetit.spo

In laser-driven melting experiments large tempermgradients are generated on the
sample. The area of uniform temperature is limitedthe center of the laser spot and
surrounded by considerably colder parts. As soothadaser power is reduced to initiate
cooling and, subsequently, freezing of the moltezaathe size of the uniform-temperature
area decreases and may quickly become comparableetmmominal measurement spot.
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Depending on the laser spot diameter, which isdibminant factor determining the initial
size of the uniform temperature area on the sampkn cooling starts, and the magnitude of
the SSE of the pyrometer, its reading will be a#fddy this process sooner or later along the
thermogram. In the normal case this is simply matias the typical gradual transition from
freezing-of-the-liquid to cooling-of-the-solid (itead of the ideal abrupt one), in other words
an apparently shorter freezing plateau with a redrnehd. It is conceivable that if the molten
area on the sample is too small to begin with pyremeter reading will be influenced by the
SSE earlier, in the worst case resulting in a eatity lower freezing temperature and a

“plateau” which is not ideally horizontal anymoretlexhibits downward slope.

e
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Figure 8: Methods for SSE evaluation: (a) direct, lf) indirect. In both cases the radius r of the apdure in
front of the uniform radiance source is varied.

Estimating the influence the SSE can have on tle@asorement accuracy of our
pyrometer required (i) its SSE to be measured @aphthé radial temperature profile on the
samples to be known for the laser parameters usteimolybdenum and tungsten shots. For
the first part, a series of experiments were sfigai@signed and performed. For the second
part, numerical simulations of the molybdenum amtysten measurements were performed
in the frame of an ongoing collaboration with theoup of Prof. M. Malki at the
Polytech’Orléans and the CEMHTI-CNRS Orléans, awdemecently also at ITU.

The SSE is usually determined using one of twirtepies. The direct method is
depicted schematically in Figure 8a. Aperturesarfous sizes are placed in front of a large,
uniform radiance source. The pyrometer is focusethe center of the aperture each time and

its output signal is recorded as a function of aperdiameter and normalized with respect to
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the signal obtained with the largest aperture. iflderect method is explained in Figure 8b.
The difference is that the pyrometer is now focused central obscuration that is placed in
the center of the apertures. The size of this absiom is slightly larger than the nominal
measurement spot. Ideally, i.e. in the absencapfSSE, the output signal should be exactly
zero. In reality it is not and the difference afuaction of aperture diameter is a measure of
the SSE. The indirect method generally yields lowacertainties and has become the main
method for SSE evaluations.

(b)

Figure 9: (a) Sample with(10.5 mm hole mounted in its holder. (b) Sample witlil1.5 mm hole as seen

through the pyrometer. The black spot indicates theneasurement spot. (¢c) Sample witlid11.0 mm hole
after melting.
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Figure 10: (a) Pyrometer signals at the freezing teperature of molybdenum recorded on intact samples

and on samples with ad0.5, 01.0, and 01.5 mm hole. (b) Normalized SSE derived from these
measurements.

In order to measure the SSE of our pyrometer, difired indirect technique was
implemented in-situ. Thin molybdenum and niobiurekdi of 8 mm in diameter and 0.1 or

0.125 mm in thickness were used as samples. A dfo5, 1.0, or 1.5 mm diameter was
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drilled through their center. The samples were deeabove their melting point with a large
laser spot of about 5 mm in diameter centered etierg on the hole. Measurements were
taken along the freezing plateau with the pyromietensed on the hole, as well. The signal at
the freezing point was also measured on samplé®uiithe hole to serve as a reference. The
difference was then a measure of the contributioth¢ signal of radiation emitted from the
central sample area of 0.5 mm, 1.0 mm, or 1.5 mmiameter. Figure 9 shows pictures of
samples (a) in the sample holder, (b) as seendhrtihe pyrometer, and (c) after melting.
Figure 10 summarizes the current results for twitedint pyrometers. Pyrometer 1 with a
nominal target spot of about 0.5 mm in diameter ppebmeter 2 with a 0.8 mm spot. The
latter was not used in the present work but is shdwre for comparison. It should be
remembered that, according to Eg. (9), the meassigrthls are logarithmic and that they

decrease with increasing radiance.

As already mentioned, the second piece of infaonahecessary to compute the
influence of the SSE on the temperature measureumet@r different conditions is the radial
temperature profile on the sample during freez8igulated thermograms on molybdenum at
various radial positions on the sample are showkigs. 11 and 12, for a laser spot diameter
of 3 mm and 5 mm, respectively, together with theasured thermograms. In both cases,
30 ms-long square laser pulses were used. Wittsradler spot the sample was irradiated
with 2 kW, whereas a higher power of 3.5 kW wasdua&h the larger spot. It should be
noted that, because of the high laser irradiandetlam significant reflectance of molybdenum
(on the order of 70% at the laser wavelength), rtéflected laser light is not completely
rejected by the pyrometer giving rise to a high5@@K) apparent temperature of the sample
very early in the shot. Only later in the thermagrdoes the thermal radiation exceed this

background light significantly. However, this doesg matter once the laser is switched off.

The agreement between the simulated thermograrthencenter of the sample
(r = 0 mm) and the measured one is fairly goodhoaigh there is still room for improvement.
The significant radial temperature gradients ondample are evident. For instance, at the
onset of the freezing plateau the temperatureeattiye of the laser-irradiated area is lower
by about 1000 K. The right-hand plots in theserggushow radial temperature profiles at two
instances in time, near the beginning and the énldeofreezing plateau. Near the end of the
plateau, the area at uniform (freezing) temperatsiref comparable size to the pyrometer

measurement spot. At this point in time, just befttre sample surface is completely frozen,
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the pyrometer also “sees” colder areas on the sanwmglicating a progressively lower

apparent temperature due to the SSE. This explagnsounded end of the measured plateau,

which is not present in the simulated thermograthetenter.
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Figure 11: (a) Measured and simulated thermogramstavarious radial positions on a molybdenum sample
that was heated with a 3 mm-diameter laser spot & kW for 30 ms. The vertical dashed lines indicatéhe

times at which the radial temperature profile is slown on the right. (b) Simulated radial temperature
profiles near the beginning and the end of the fregng plateau.
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Figure 12: (a) Measured and simulated thermogramstavarious radial positions on a molybdenum sample
that was heated with a 5 mm-diameter laser spot &.5 kW for 30 ms. The vertical dashed lines indicat
the times at which the radial temperature profile 8 shown on the right. (b) Simulated radial temperatre

profiles near the beginning and the end of the fregng plateau.
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Figure 13 shows the calculated temperature etribreamelting points of molybdenum
and tungsten due to the measured S&E.is shown as a function of the “effective”
measurement spot size of the pyrometer, i.e. tea &om which virtually 100% of the

detected radiance originates. The difference betwee3 mm and a 5 mm laser spot is

apparent.
Molybdenum Tungsten
1 " 1 " 1 " 1 L L | L | L | I 1
0 L 0 B
2 ] -
-2 ] -
-4 -
. L 6 -
-8 -
N4
X 6 L X ] I
5 5 104 L
-8 - - 212 4 -
-10 4 | —14—_ -_
-16 -
-12 L 1 -
——5 mm laser spot .18 4 ——5 mm laser spot L
1 —— 3 mm laser spot F | ——3 mm laser spot

-14 T T T T T T T T T -20 T T T T T T T T T

1.0 1.2 1.4 1.6 1.8 2.0 1.0 1.2 1.4 1.6 1.8 2.0
r_max/mm r_max/ mm

() (b)
Figure 13: Computed temperature measurement error de to the measured SSE at the freezing point of
(a) molybdenum and (b) tungsten for two different &ser spot sizesAT was computed based on the
assumption that 100% of the radiance that reacheshe pyrometer detector originates from an area of
XX mm in diameter on the sample.

This work on the SSE has not yet been finalizdte fiobium experiments also have
to be modeled and the reason for the remainingyrtBeaent between the simulations and the
measurements has to be found. The preliminary geimi is that the SSE can definitely
affect the temperature measurement along the frgeplateau when the experimental
parameters are not chosen correctly. The size efnblten area on a sample and good
alignment of the pyrometers on it is paramount inimizing this effect and warranting good

accuracy.

2  Emissivity measurements

A pyrometer calibrated in terms of blackbody rade can only provide a direct
measurement of radiance temperatlifeat its operating wavelength. Knowledge of the
spectral emissivity of the target at the same wength is necessary to convert this to true
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temperature, according to Eq. (8). This propertynsasured in the current research with a
multi-channel pyrometér This consists of a 256-element linear array ofpBotodiodes

recording the signal at different wavelengths fré88 to 1011 nm. Once the photodiode at
649 nm is calibrated with a reference lamp in di@e way as a single-wavelength pyrometer
(Fig. 14a), different measurements are repeateld avihigh temperature blackbody (up to

3500 K) in order to determine the transfer functi@r) for the entire spectral range’as

o) =—"ud?) -

Coet (4, Tip) #lex C, 1
AT,

In the above equationgy(A) is the window effective transmittance at the wewgth 4,

(14)

CaefA,Tow) is the measured intensity (in analog-to-digitahwerter counts), andy, the
blackbody temperature measured by the alreadyratdidh pixel at 649 nm. At each of these
temperatures a spectrum spanning the 256 photaliedecorded with an integration time of
4 ms. Whenever a different integrating timds used, the experimental intensity should be
multiplied by a factor 44 in order to convert it into radiance using the earalibration.

The transfer functioik4(1), 4 indicating the 4 ms of the integration timegeépendent
of the sample temperature (Fig. 14b), transformesvifitage signal output by the photodiodes

into a quantity that is directly proportional tetthermally emitted spectral radiance:

Euel1,T) = K,y (1) 0 (4,T) (15)
99 5
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Figure 14b: The transfer function of the opto-

Figure 14a: Calibration of the photodiode at )
electronic system represented by the 256-channel

649 nm against standard W-ribbon lamps.
pyrometer.
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Thus during the experiments, the radiance specemitted by the sample is measured
at different temperatures by multiplying the mualiannel pyrometer rough voltage spectrum
by the transfer functioK(A). The thus obtained radiance spectrum correspintie sample
blackbody emission (which only depends on tempesatand wavelength and follows

Planck's radiation law) multiplied by the sampledpal emissivity, as in Eq. (16).

Three slightly different approaches can be usedbtain the sample emissivity from
the measured radiance spectra. These approachesbban tested on zirconium carbide,
commonly employed as a high-temperature refereratenmal. This compound is known to be
very stable (low vaporization rate, high mechangtability) at high temperature. Moreover,
the ZrC-C eutectic temperature has recently bed¢ableshed to be 3155 K with great
accuracy”*® A more detailed laser heating study of the Zry€&tam is reported elsewhéfe

Results are only mentioned here as valuable tésite @urrent experimental method.

1) The determination of the emissivity was possibly non-linearly fitting the
obtained thermal emission spectra with the equation

=g 0T (16)
G ex ﬁj -1

the normal spectral emissivitgfA,T) and the temperaturé being the free parameters. The

emissivity is approximated by polynomials of thenfio

e 0Y.ad (17)
i=0

¢ = constant, i.en = 0, would correspond to the greybody approxinmatibhe summation is
generally extended tm =2, but results are often already acceptable hm greybody
approximation. Equation (17) represents the moseige expression for the emissivity as a
function of wavelength and its terms do not havg particular physical meaning. More
meaningful functions can be used in some casdise ielectro-optical behavior of the sample
is somehow known in the investigated spectral raAgeexample application of this method

to freezing ZrG.x at the eutectic temperature is reported in Figére
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Figure 15: Thermal emission spectrum of ZrG., at the eutectic point fitted with a function of thetype

reported in Eq. (16).

2) As an alternative, the measured radiance iittesiscan straightforwardly be
converted into the inverse of the radiance tempegat From Eq. (16) with(1,T) =1, T,is
obtained as:

R, Y (18)
T, ¢ (FEL()

This curve can then be plotted as a function ofelength, as in Figure 16, which
shows another test performed on ZsCln the range of validity of Wien’s law, the cusve
thus obtained are fitted based on a slightly rarayed Eq. (8):

—==-ZIne(2) (8)

Once moreg(A) can be expressed as a Taylor expansion like in(E(q, or by using
another more specific function. dfis independent of wavelength or at least consanhe
wavelengths at whicfi, is measured, then plottingTk/as a function of results in a straight
line that, when extrapolated to zero wavelengttergects the inverse-temperature axis at the

inverse real temperatureTl/as one can easily see from Eq. (8).

This method has been called “extrapolation to meawelength**. Even though it may
be regarded as mathematically equivalent to theique approach, this technique allows
displaying more accurately the real wavelength ddpace of the measured radiance

intensity. It therefore permits having a more psecidea of how good the physical
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assumptions on emissivity are, e.g. the greybodyawer, and the presence of possible
artifacts in the experimental spectra. For examplean be deduced from Eq. (8’) that a
negative slope of the curveT}(A) would be physically meaningless, as it would iyngh

emissivity larger than 1.
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ZrC,, ateutectic temperature
40.7
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8}\
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Figure 16: The “extrapolation to zero wavelength” nethod applied to ZrC,., at the eutectic point. The
deviation from a constant of emissivity values (entg circles) gives an idea of the validity of the
“greybody” assumption in this case.

3) In the absence of any direct information on #wtual emissivity wavelength
dependence of the sample of interest or the claswaberials to which it belongs, it is
impossible to estimate the uncertainty of the teswbtained by the two previous
approache€® Including too many terms in the summation of E&j7) will generally
decrease the sum of squares in the least-squ#reg,fbut even if this sum is equal to zero
the calculated emissivity may deviate from the @a#, whereas numerical instability may
arise leading to very high deviations. Thereforehemever sound enough temperature
references exist for the material system under sitigation, the experimentally obtained
radiance spectra can preferably be used as din@ssieity measurements of solid and liquid
samples at a known temperature. As mentionedjghaspossible option, for example, at the
eutectic temperature of Zg&, which has been determined at (3155 1) K witlkeagr
accuracy. This was imposed to be the temperatutbeotwo thermal arrests (melting and

freezing) of Figure 17.
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Figure 17: Thermogram of a ZrC,., sample measured at 650 nm. The thermal arrests amsponding to
the eutectic have been fixed at 3155 K. Emissivityf solid and liquid ZrC 1., could then be deduced
accordingly. Black curve: thermogram correspondingto an assumed constant emissivit§(650)=0.6. Red
curve: thermogram corresponding to the real emissiity values.

One can observe that for a fixed constant emigsivé on melting, the thermal arrest
is followed by an apparent temperature decreasde wvam freezing the opposite effect is
observed (black thermogram-corresponding to cohstiamssivity). This phenomenon can be
explained on the basis of an emissivity decreasm dprmation of liqui¢®. By fixing the
melting/freezing temperature at 3155 K, this emiggieffect can be evidenced. Thermal
radiation spectra were recorded at several pointsg the melting and freezing arrests.
Calling S(1) each of these spectra, aR§3155) the Planck (ideal blackbody) radiance
function at 3155 K, the sample normal spectral sty for each experimental spectrum is
by definition

_S(4,3159
()= 53159 (19)

Emissivity values are thus obtained in the ingzgged wavelength range of 0.55 to
0.9 um for each of the experimental spectra recbdiging the melting and freezing arrests.
Twelve spectra were recorded on melting and twelvdreezing. The spectra taken on the

maximum recalescence in both cases were considsredrresponding to the solid, whereas

@ Since the same effect occurs both on melting and freezing, it cannot be related to supercooling of the liquid.
Supercooling of the liquid can be avoided by suitably setting the laser heating parameters.
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those taken at the minimum temperature during thes@ transition were attributed to the

liquid. Spectra in-between were considered as daum&of the two. Results of emissivity as a

function of wavelength for solid and liquid ZrC wrdhese assumptions are shown in Figure
18. Uncertainty bands are given by the composifmecording to the uncorrelated error

propagation law) of the uncertainty on the eutetgioperature of Zr(z« and the dispersion

on the current experimental emissivity data.
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Figure 18: Emissivity as function of wavelength idiquid and solid ZrC ,.,at the eutectic temperature.

normal spectral €

Emissivity values for a certain material systentaoted with the current approach can
be used to fit Planck's curves recorded on santi@esg different compositions in the same
system. The spectra will then be fitted with tenapare as the only unknown parameter. This

latter test permits to check the validity of theamgreds(A).

3  Ultra - Violet Pyrometry

In addition to the depicted pyrometry techniquibe sample radiance temperature
could be measured in some cases in the ultraviategfe at 0.215 pm.

These measurements were performed within an explgraesearch project and
should therefore be considered as preliminary ddbnetheless, the results they yielded were
useful for uranium carbides, where they helped lvessome doubts about the spectral
emissivity correction needed in order to obtain tkal temperature of the investigated

material. In fact, the main advantage of UV pyramas the short wavelength at which
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radiance is measured, resulting in a small diffeeemetween the measured radiance

temperature and true temperature. This can beyesessh from Eq. (8):

lim A[l—ij =0=IlmT, =T if lime, 20 (8")
im0 |\ T T}1 20 10

which, of course, is also the basis of the prewiodgscribed “extrapolation to zero

wavelength” technique. Figure 19 depicts the lirdsgprendence a&f(1/T) on wavelength.
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Figure 19: \TJ as a function of wavelength.

Rearranging terms in Eq. (8) leads to:

1 A
AT =T-T, =-T, O Dﬂ(—jz -T?=Ine, (20)
' T C,
which also demonstrates the well-known strongdaase of the temperature error
(keeping in mind that g, is negative) in the absence of an emissivity atioa at high
temperatures.

Expressing this temperature error in terms of messradiance temperature yields:

207 Ing,
C,+ A, One,

AT = (21)

Eq. (21) is plotted in Fig. 20 for two differentluas of emissivity, making again clear

the advantage of short wavelength measurements;arly at high temperatures.
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In addition to the lower difference between radam@and true temperature at short
wavelengths, measuring radiance in the visible E@kdranges at the same time permits to
apply the methods of multichannel pyrometry desatiin this chapter to a broader spectral

domain.

(a) (b)

Figure 20: AT as a function of wavelength and radiance temperate T, for a constant emissivity of (a) 0.5
and (b) 0.8.

In this context, a UV pyrometer is currently beitigveloped within a co-operation
between the CNRS—CRMHT Orléans and the JRC—ITUsK#k. Preliminary, but already

useful, results have been obtained with the sdtugirated in figure 21.
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Figure 21: The experimental setup under developmerfor UV—pyrometry measurements.

While the sample was heated under the same conslitiescribed previously, an

additional UV pyrometer was mounted in parallel ttee usual pyrometers. This latter
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consisted, in the current first approach, of a Qdeks and a photomultiplier (PM) connected
to ax15 V amplifier and AC converter. The employed PMdwas a Hamamatsu® R6834
for UV radiation detection with a Cs-Te 28 mm-didengphotocathode of the head-on type
with solar-blind response (160 nm to 320 nm), amd Xl-stage photomultiplier. An
interference filter centered at 215 nm was mouirtdcbnt of it for wavelength selection. The
Signal/Noise ratio of the amplifier was adequateatoplify the small intensity variations
which can be deduced from Planck's curves in titnipégature range of interest for the current
work at 215 nm (Fig. 22). However, because of thelhmower thermal radiance available at

this wavelength, the lowest detectable temperataeat about 2200 K.
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Figure 22: Sensitivity of the radiation intensity b temperature at different wavelengths as a functio
temperature T for an ideal blackbody.

The calibration of the temperature curve was peréal taking as a reference the
melting/freezing point of scandium sesquioxideChc(figure 5). This transition point is
reported to be (2757 £ 20) K (Reference 21 condettethe current temperature scale ITS-
90), with a spectral emissivitg{A) of approximately 0.9. These conditions are theeefdeal
for calibrating the current apparatus, as it canch&ulated through Eq. (21) that the
emissivity effect on the radiance melting tempertof SgO3 is approximately 13 K, i.e.
much less than the datum uncertainty itself. Ireothords, this calibration reference is, under
the current experimental conditions, equivalentatoideal blackbody reference within the

experimental uncertainty.

The calibration was performed without protectivapshire window between the

sample and the UV pyrometry apparatus, th®©gample was therefore heated in air.
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The PM-measured intensityM (215 nm) is thus related to the blackbody radiatthceugh
Planck’s equation as

Ipm (215 nm) =P (215 nm, 2757 KJA (22)

P(215 nm, 2757 K) is Planck’s function evaluatedttee SgO3; melting point and
215 nm, andA is a calibration factor accounting for the G&Ens transmittance, the transfer
functions of the detection electronics and the sty of the reference sample (here
assumed to be equal to 1 within the reference testyre uncertainty).

OnceA is determined, radiance temperature is obtainewh fthe intensity measured

by the UV-pyrometry apparatus as

1
T215 = (22)
A c, A
— n(—s G—]
G, A PM

In Eg. (22), which is valid within Wien’'s approxation, ¢y and ¢, are the two
radiation constants, ardd= 0.215 pm.

A first application of this calibration was therelit measurement of the sapphire
window transmittance at 215 nm. This was obtaingdnieasuring the apparent melting
temperature of $SOs; with and without sapphire window. The window tnamisance was
measured as the ratio between the experimentalsititss detected at the freezing point in the

two cases, and resulted to be
7 (sapphire, 215 nm) = 0.551 (23)

This value was then used in all the successivesatement that were performed under
controlled atmosphere and, therefore, in the pasehthe sapphire window.

Another test of the UV pyrometry setup was perfednon the eutectic temperature of
the system ZrC-C. Although this material, due ® lgwer emissivity (around 0.6 in the
visible), is less suitable for the calibration oU% temperature detector, its melting-freezing
temperature established with great accuracy (315&)tconstitutes a good reference. The
radiance temperature of this eutectic at 215 nmmeasured to be (3072 £ 8) K (Figure 24),
corresponding to a spectral emissivity of 0.56@30.This latter result shows that solid £rC

approximately behaves as a greybody in the UV —3gi&ctral domain.
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Emissivityjeﬁgct at 643 nm
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Figure 23: Solidification temperature measurementgerformed on S¢O; to calibrate the current UV—
pyrometer. UV radiance temperature curves are compad with radiance and true temperature
(calculated with € = 0.9) plots at 643 nm. Solidifying S©; behaves, within the experimental uncertainty,
as a blackbody source at 215 nm.

3250+ ZrC - C Eutectic
3200
Recommended T =3155K
150 e B
. €5~
w3100+ ‘4__/’/\ 0.53 - 0.59
~ 1 o . X i
= 3050+ T, = 3065-3080 K
3000 A
] Not flat because of thermal gradients
2950+ (large focal point)
2900 T T T T T T T T T T T 1
-0.5 -04 -0.3 -0.2 -0.1 0.0 0.1

time / ms

Figure 24: Melting / solidification temperature measurements performed on eutectic ZrG,, with the
current UV — pyrometer.

4  Reflected Light Signal

A second laser is used, focused on the same @osi the heating laser, in such a
way that the laser beam is reflected from the samsplface directly into a fast pyrometer

photodiode tuned exactly at the same wavelengitwAr" laser of 0.75 W at 488 nm ("blue
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laser") is used as probe laser in the presentn@sebhe thus obtained Reflected Light Signal
(RLS), recorded in parallel with the radiance dgrihe laser heating, is a very sensitive
method to determine the onset of the melting/freggaransitions. Abrupt changes in the
sample's reflectivity may indicate phase transgiolm particular, a characteristic noise-like
structure appears in the RLS upon melting, duellications of the sample’s liquid surface,

which disappear again upon freezing (Fig. 25).
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Figure 25: Schematic of the Reflected-Light-Signaiechnique for the detection of the melting and fregng
transitions.

5 Sample Characterization

A systematic control of the compaosition, purityemen homogeneity of the samples is
necessary in parallel to the high temperature kbebavnvestigation. The quality of both
“fresh” (before laser irradiation) and laser heatathples has to be controlled, to check about
possible degradation occurring during the laseattnents. These characterizations, for
carbides and oxides, involve a number of analyedsatso imply extra difficulties because of
the radio-activity of the investigated materialer lexample, in order to analyze the same
sample before and after heat treatment, one hamte it several times between different
shielding gloveboxes. The weight of each actiridetaining sample has to be well known
prior to transfer (the uranium and plutonium wegghtive to be respectively known with a
precision of 1 and 0.001 g) which impose an inteliate passage in an intermediate
glovebox for weighing. Any sample handling insideglave box is obviously much more

awkward and slower. Finally, all these experimewrt@hstraints and the limited amount of
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available samples limit the number of possible ysed. It was consequently possible to
characterize only a few representative samplesgrégs of compositions.

The following paragraphs give a general descnptb the equipment employed for
the different materials characterizations perforrbefbore and after laser irradiation. More
details about the composition characterization thiedspecific precautions taken for carbides
and oxides are more thoroughly reported in cha@ensd 4. All equipment presented, except
the scanning electron microscope used for the wmancarbides, are installed inside a

glovebox.

5.1 X-Ray Diffraction

Two different devices are used for X-Ray Diffracti(XRD). The analyses performed
on uranium carbides were done with a Siemens ® O&reced diffractometer (Bragg-
Bentano configuration) equipped with a Ge(111)deai beam monochromator and a Vantec
position sensitive detector, covering 6° th Eor the structure refinement and the quantitative
phase analysis by the Rietveld method, the XRDepagtwere typically collected in the62
range 10-110° (step of 0.0085°), with an exposume bf 5 s per step. Samples were rotated
during the data collection in order to improve Hanple statistic and reduce the effects of
possible preferential orientation. The analysighe plutonium carbide and oxide samples
were performed using a Bruker® D8 Advanced difioantter (Cu-Ki; radiation) with a 2
range of 10°-120° using 0.009° steps with 2 s eintdime per step at operating conditions of
40 kV — 40 mA. The XRD instrument was equipped wath_.ynxeye® 3° linear position
sensitive detector. In both cases, the fitting aafinement were performed using the

Fullprof® software.

5.2  Scanning Electron Microscope and Electron Microprole

Secondary electron (SE) and backscattered ele(BS&) images were recorded on
two different Scanning Electron Microscopes (SEWVhey permit to study the morphology
and control the homogeneity and purity of the frast laser-irradiated samples. In particular,
after laser heating, pictures of the molten area peovide interesting indication on the

freezing mechanisms. In some cases, semi-quangitatid quantitative information on the
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elemental composition were also acquired from BnelBgspersion X-ray (EDX) and
Electron-Probe Micro Analysis (EPMA).

The uranium carbides were analyzed with a Tescaga\SEM, Model TS5130 LS,
operated with a 30 kV electron beam acceleratirtgm@l and 50 uA beam current under an
ultra-high vacuum of I®mbar. For the samples containing plutonium, insagere recorded
on a Philips® XL40 scanning electron microscopé¢aittesd in a glove box operated at 20 kV.
Quantitative analysis and X-ray element maps weguieed using a shielded Cameca®
SX100R electron microprobe operated at 20 kV andR20WNhereas no particular preparation
of the specimens was needed for SEM analysis gicdise of EPMA samples were embedded
in epoxy resin, cut to get a cross section showliegthickness of the molten area, and finely
polished. Backscattered electron (BSE) and absarbednt (Abs) images were acquired, and

the beam current was adjusted in order to gelbéisé possible contrast in the images.
5.3  Fusion extraction - infrared determination

This method is used to measure the carbon andeoxggntent. It is based on the
combustion of a sample at high temperature thaniperto form gaseous carbon dioxide
(CO,) from either the carbon or the oxygen containedhm specimen, depending on the
atmosphere and the crucible material in which tleasarement is carried out (Fig. 26). The
measurement is then based on the measured IR obprtdtriced C® at a characteristic
wavelength (2640 cthor 3.79 pum).

In order to measure the carbon content, the sampfgaced in an AD; crucible
inside an electrical induction furnace and heatpdta 3500 K under a flow of oxygen
(99.99% pure). It is assumed that all and onlyddwon from the sample reacts with oxygen
to produce CO and COThese gases pass through a system of filtercatiadlysts to obtain
only CG, which is measured by IR-absorption spectroscoppmFthe quantity of C®

analyzed, one can easily obtain the carbon coofahie sample.

In the same way, using a graphite crucible insidesastance furnace and a helium
flow, it is possible to measure the oxygen contiimethe sample. In this case, it is assumed
that all the oxygen contained in the sample readts the crucible during heating and forms

CO and CQ The amount of C@is quantitatively determined by IR spectroscopterathe

51



cleaning step and, in this case, all the measuf@dcGrresponds to the oxygen content in the
sample.

Gas flow

Measurement of carbon: oxygen

Measurement of oxygen: helium

Ceramic crucible for
the measurement of

carbon

Graphite crucible for
the measurement of

oxygen

IR Cell
Low CO;

Filter
<€

Catalyst

Figure 26: Fusion extraction - infrared determination apparatus
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Chapter 3: Experimental Study of the Melting

Behaviour of Oxide Nuclear Fuels

1 Introduction

As already described in Chapter 1, mixed oxidd {MOX) is employed for the
generation of nuclear energy for civil purposeshwfuQ concentrations in Utypically
varying between 0 and 30 mol %. Thus, many physleemical properties of low Pu-content
(U,Pu) mixed oxides (MOX) have been thoroughly stigated since the 1950s. The
difficulties inherent to the study of these compasirtonsiderably increase with Pu content
and temperature, essentially due to the high oxygeential and the reactivity of plutonium
dioxide. Figure 1 shows the different oxygen potentials of actinicides, and in particular
that stoichiometric Puf)o has a higher oxygen potential than stoichiometdi©,.qo.
Moreover, UQ, unlike PuQ (under the current conditions), can be furthedizad to form
hypostoichiometric U@.,. Therefore, even a well conceived heat treatmensuring an
overall fuel with an oxygen to metal ratio O/M=2 heh can be checked by
thermogravimetry or other methods), does not gaaeaa homogeneous oxygen distribution
in the material in the presence of gradients (casttjpmal, thermal, of density etc.). This
uneven oxygen distribution is well known to ocauthe oxide fuel, particularly under in-pile

operational conditiorfs
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Figure 1: Oxygen potential of different actinide oides'
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As for the current research, it has been one opitmary goals to determine the
melting behavior of the UD-PuQ pseudo-binary system ensuring as much as poghinie
no segregation or second phase were formed dursgeating cycles. These conditions can
hardly be produced with any practical experimeaggroach. Nonetheless, the short duration
of the experiments and the containerless conditaistained with the current laser heating
technique can be effective in reducing as muchoasiple the mentioned out-of-equilibrium
phenomena. The main purpose of such an approdopi®vide reference experimental data
as close as possible to those corresponding toidbal thermodynamic equilibrium
conditions. In doing so, one should bear in mirat $uch conditions can never be actually
realized, particularly in a complex system like gresent. For this reason, obtaining general
trends and correlations while keeping under cordeomany uncertainty sources as possible

can already be considered as a major achievement.

The study of the pure compounds, Bwdd UQ, the end members of the pseudo-
binary system, has constituted a first step of ithrgstigation. While the melting behavior of
stoichiometric UQ was fairly well established before the beginnirighes work, the solid-
liquid transition of stoichiometric and sub-stoioimetric Pu@ is still a controversial subject.
For this reason, the first has been checked herstlyn;n order to validate the good
functioning of the current approach, whereas theorsg@ has been studied thoroughly.
Subsequently, a number of mixed YOPuQ compositions have been investigated, in order
to determine a general trend for the solidus aguidus lines of this pseudo-binary system.
Finally, the present experimental approach has beed for the investigation of the melting
point of neptunium dioxide, a compound less webtn until now. This last part of the study
constitutes a starting point of the investigatidnother minor actinide oxides and more

complex multi-oxide systems, of great interesttfa nuclear fuel of the Fourth Generation.

2 Uranium Dioxide

A first test for the validity of the current expeental method for the investigation of
U and Pu oxides consisted in measuring the wedlbéished melting temperature of Wga

The samples used for this test were industrialJeaucplant grade uranium dioxide pellets
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fabricated by Advanced Materials Inc.®. The pelletglinders 1.5 cm thick by 8 mm in
diameter, were cut into thinner disks 2-3 mm thick,order to better fit into the sample
holder. The disk composition was checked by themaametry (full oxidation to WOg under
air at 1200°C) to be U£)00+0.005

The laser heating experiments provided thermogistrosiing a clear and pronounced
thermal arrest upon freezing (Figure 2). The c@ueasing congruent melting/freezing
temperature, obtained with the literature emisgivialu€ of 0.83 is (3130 + 20) K. This
value agrees perfectly with the most recent liteearecommendatiofid Since this test was
successful, the present research was continued thigh investigation of the melting
temperature of (U, Pu) MOX, starting with pure BuO
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Figure 2: Representative thermograms recorded withthe fast pyrometer at 652 nm on U@, samples.

3  Plutonium Dioxide

Plutonium dioxide is one of the components of mdixaxide-based nuclear fuels,
normally in a mixture with uranium dioxide. Althdugure Pu@is generally not employed
in industrial applications, its melting temperatisean important reference parameter for the
comprehension of the UPuQ, phase diagram at high temperature. Historicallis point
was assessed to be near 2700 K in the beginnitigedf970s, essentially based on the most
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recent of a series of measurements performed by layal Baily and by Aitken and Evanhs
using the thermal arrest technique and inducticatihg of tungsten-encapsulated samples.
Riley? combined visual detection of melting with a vayief experimental setups, including
flame melting under controlled atmosphere. Howeveese measurements were certainly
affected by reaction of the sample with the tungsteicible in the first case, and by reduction
of the investigated specimen reported by Riley kinm the second. This latter issue was
also reported in the review by Lemire ef.aince then, no further experimental research was
performed on this subject until the last decadesuaemarised in the reviews of Carbajo et

all and of Guéneau et 4.

In the period 2007-2009 Kato et’df* published a series of novel experimental
studies on the (U, Pu) MOX fuel used for the Morgactor, in which the commonly accepted
PuQ melting point was questioned, together with thadssl and liquidus temperatures of
other compositions, and a considerably higher bgeabout 200 K) was proposed. Kato et al.
performed a traditional thermal arrest analysig, dmed crucibles of different shapes and
materials (tungsten, rhenium) to demonstrate tha®u-rich MOX and, especially, in pure
PuQ, samples, the interaction between sample and conéait affected the apparent solidus
and liquidus points well beyond the intrinsic uniastty limits of the experimental method
(Figure 3).
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(@ Capsule made fram tungeten

(F prer capsule made from thanium
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Figure 3: Crucibles used by Kato et al for the melhg behaviour investigation in (U, Pu) MOX, and the

observed solidus trend as a function of the useduxible in low-Pu samples.

Because of this interaction, even Kato et al.ewsst able in the end to measure the
melting point of pure Pufdirectly, as instead of the expected congruenttingelthey
observed two distinct transition temperatures diffg by about 150 K. They attributed this
result to the high reactivity of liquid Py@owards rhenium, just as in the case of tungsten
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crucibles and all MOX with a Pukxontent higher than about 20 mol%. More specifical
they suspected that the high oxygen potential @.Rasulted in the oxidation of Re and the
simultaneous reduction of the samples. Nonetheiessas a big merit of Kato et al. to
highlight this source of uncertainty, and also &fgrm a systematic study of the oxygen
potential influence on experimental data. Theirkyeummarized in the UO- PuQ solidus-
liquidus curves reported in figure 4, has largelgauraged the current research, whereby the
containerless conditions and the very short heaitrtnents permitted with the laser apparatus

represented a strong asset to undertake noveéstadithe (U,Pu)phase diagram.
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Figure 4: Solidus and liquidus temperature in the O,-PuO, system.

3.1  Sample preparation

A series of seven samples of plutonium dioxide wapared for melting temperature
investigation (Table 1). The isotopic compositidrthe plutonium employed was checked by
High Resolution Gamma Spectroscopy (HRGS) to bd 98.% ***Pu and 6.4 wt.%"%Pu.
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Traces (<0.2 wt. %) of*Pu and**’Am stemming fromp-decay of***Pu were detected by
Thermal lonisation Mass Spectrometry (TIMS). Thertsng material was powdenr beads
obtained by gel-supported precipitation (SOL-GEDRjsk-shaped samples of 8 to 9 mm in
diameter and about 4 mm in thickness were obtaiset) a bi-directional press. The samples
were then sintered in an atmosphere of Artwith approximately 1500 ppm of.B to
obtain dense material. In order to obtain the exd&wu = 2 stoichiometry, samples C and D
were subjected to two consecutive heat treatmardsrua flow of air at 1423 K for 8 hours.
Already after the first heat treatment the measwreighht gain of the samples corresponded to
stoichiometric Pu@separately measured by thermo-gravimetry (TG).td$s were realised
by oxidising Pu@ samples in an air flux at temperatures up to 1200p to stabilization of
the sample weight. Since it was recently proverMaytin et al'® that hyper-stoichiometric
PuQ.x cannot be formed under such conditions, the westdthilisation was interpreted as
corresponding to the exact O / Pu = 2.00 stoichtom&his was cross-checked by observing
that no further change was noticed after annedhegsamples under air for a second time.
Similar heat treatments under air were performedhenremaining samples E, F, and G. A
lattice parameter of 5.396(1) A was measured byayiffraction (XRD) on sample G,

corresponding to the literature value for BtfO

] Sintering Annealing
Starting
Sample Name . (gas/ gas/
Materials ] )
temperature (K) / time (h)) temperature (K) / time (h))
Powder
PuQ g3 A-B Ar +2% H, + 1500 ppm KO / 1923 No
/8
C-D Powder Air /
Powder 1423/ 8 Two times
PuQ; oo .
E-F- Sol gel Ar +2% H, + 2000 ppm KO / 1923 Air /
G beads /8 1073/ 24 Two times

Table 1: PuG, and PuO,, samples prepared in this research

Selected samples were examined after the laserimgrgs by TG and XRD. The
microstructure, homogeneity, and purity of specisméaken from both molten and non-
molten sample areas were analysed by Electron Pviidre Analysis (EPMA) and Scanning

Electron Microscopy (SEM).
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3.2  Laser melting experiments on PuQqo

To obtain a pronounced freezing arrest, it wasessary to melt enough matter by
using sufficiently energetic laser pulses. The tingltime at the highest temperatures had to
be as short as possible to minimize vaporisatidnlevat the same time care had to be taken
not to destroy the samples by thermal shocks deedessively high heating rates. In order to
optimize the pulse parameters, sample C was heafashtedly with gradually increasing
laser power. The thermograms recorded in theseessise tests are shown in Figure 5. It can
be seen that at low laser power solidification upmoling was merely indicated by an
inflection. By contrast, increasing the power, @omsequently the peak surface temperature
by about 180 K, led to the formation of more liquwlass, hence to very clear and

reproducible freezing arrests.
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Figure 5: Thermograms recorded in successive lasdreating experiments performed on sample C. The
observed solidification temperature, 3022 K, is ver close to the mean value of all measurements
performed on five different samples (3017 + 28) KThe dash-dotted lines indicate the laser power-v$ime

profiles.

Similar settings were then used in subsequentrempets, allowing a reduction of the
number of laser shots per sample, thereby furtb@uaing the risk of cracking and breaking

the specimens. The shape of the thermograms atidytanly of the freezing arrests varied
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slightly depending on the sample morphology (craeksl its evolution under rapid heating,
the occurrence of supercooling, or simply the pyetanalignment relative to the laser spot.
Application of the RLS technique on sample F isicked in Figure 6. The strength of this
technique is in detecting a phase transformatioanwhis not evident in the thermogram. In
this particular case, the melting transition, whisimot accompanied by a thermal arrest is
easy to spot by the initiation of the noise-likeusture, characteristic of a liquid surface,
which is even more apparent when plotting the til@evative of the RLS, as was done in this
graph. However, the high heating rate did not ggtweugh time for materials to disperse
energy and form liquid phase. It was then morevegle to determinate the melting
temperature of PuQluring cooling.
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Figure 6: Thermogram, laser power profile and first derivative of the reflected light signal (RLS)
recorded in a laser melting experiment on the Pu@sample F. Onset of melting on the sample surfacarc
be observed with the help of the RLS technique. Alear thermal arrest due to solidification is visibe on
the cooling stage, at a temperature correspondingsMthin uncertainty) to the melting point. The dotted
circles around the melting and solidification poins indicate the uncertainties on the exact time and

temperatures at which melting and solidification ocurred.

Figure 7 summarises all experiments that were ntak#o account for the
determination of the PuOmelting temperature. The overall reproducibilitasvexcellent.
Sample E shows a prominent example of freezingstarebtained upon recalescence after
supercooling. When solidification was not accompdrby a clear horizontal plateau, as was
the case for sample D, the freezing temperature deésrmined from the early and more

reproducible part of the arrest, as also suggdstede measurement sequence on sample C.
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Figure 7: Thermal arrests observed in the coolingtage of thermograms recorded on five Pu@samples (C
to G). The horizontal dashed lines show the acceptesolidification temperature for each sample. A
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As described in chapter 2, the normal spectraksivty (NSE) of Pu@was obtained
from an analysis of radiance data measured withnhbé#i-wavelength spectro-pyrometer.
One such data set is shown in Figure 8. The twetsndepict two of the radiance spectra, one
of the liquid sample and one during solidificatias, well as the respective least-squares fits
based on greybody behaviour. A similar radiancetspen was recorded and fitted to obtain
each of the full (temperature) and empty (NSE)leg@lotted in the figure. Because of the
limited time resolution (2 ms per point in this egshe temperature and NSE values obtained
with this spectro-pyrometer, are influenced by imgaand cooling rates, therefore the fitting
is only meaningful where the temperature does maoy too rapidly. Moreover, the analysis
was more accurate in liquid plutonia at high terapee, where the temperature was more
stable and the signal/noise ratio higher. Finalhys instrument was essentially used to
estimate the NSE only. Although temperature valolesined from the recorded radiance
spectra were always within 2% of those yielded ly flast pyrometer at 652 nm with fixed
NSE, only the latter were retained for the repomeelting/freezing temperature and error
analysis. The mean value of the NSE of liquid asldiPuQ near the freezing transition was
0.83 £ 0.05 throughout the analysed wavelengtheaayd for five successive runs on the
same sample. This value was used in the conveo$ialh radiance temperatures measured by
the monochromatic pyrometer at 652 nm to true teaipees. It should be noted that the
“systematic” uncertainty due to the greybody asdionpis difficult to estimate within the
current method. Nonetheless, the presented reardtsn excellent agreement with those
calculated ab-initio from low-temperature electmpioperties of Pug’. The “extrapolation
to zero wavelength method”, also described in Girapt was employed as well in a few

cases to check the numerical stability of the eurspectral emissivity analysis.

These results are supported not only by the electlensity of state calculations
performed by Shi et &f, but also by earlier direct emissivity measuremearrried out by
Bober et af on UG, which showed also a behaviour very close to grdylwith €,=0.83 for
UQO,. This latter oxide, which is likely to have veryndar optical properties as PuOwas
already studied by Manara et*alith the current method, yielding an average dresty
emissivity of 0.825 upon solidification. The curtemalue can therefore be reasonably
employed, within the experimental uncertainty, $toichiometric Pu@and also all the UD-
PuQ mixed oxide compositions studied in this reseaidis assumption leads to a very
limited additional uncertainty in the current daiagts, thanks also to the high emissivity

value (cf. Equation (1) and related discussion\wgld he situation is much more difficult for
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the metallic uranium and plutonium carbides, whelve a lower spectral emissivity which is
dependent on wavelength in a non-negligible way{geeybody behaviour). This point will
be extensively addressed in the next chapter.
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Figure 8: Thermogram recorded on the Pu@ sample E, including the spectral emissivity analys based
on regression to Planck’s radiance law. The two irgs show example spectra recorded and fitted in ligd
and freezing PuQ, respectively. In these plots, the radiance,lis divided by the first radiation constant g

for the sake of simplicity. The main thermogram wasbtained using a constant emissivity of 0.83.

A total of eleven measurements of the Putelting temperature on five different
samples yielded a mean value of (3017 + 28) K (f€@dl). Expanded uncertainties reported
here are estimates with a coverage factor k = &d@dard deviation¥) Although a direct
emissivity measurement in the future will probatdguce the uncertainty, a dramatic change
in the melting temperature value is rather unlikelgnsidering that a change by 10% of the
NSE at this wavelength and temperature would tea@shto a corresponding change in true

temperature of less than 1.5%, as can easily ligedeusing the equation below:
iIn £ (2)
CZ

1.1
T T
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The samples were controlled after each laser exgat. No indication of vaporisation
was noticed; the molten/refrozen material lookeidyshnd well confined in the centre of the
sample. The appearance of the non-molten part didchange upon the heating/cooling
process. No signs of any (already unlikely) intgoac between the molten part and the
holding screws were observed. Furthermore, theatapdity of the measurements both for
each sample and for the overall five samples (oaigng from different batches) indicated

good chemical and structural stability of the saapinder the laser heat treatment.

The micro-structure of a molten and re-solidifiesnple was studied by SEM. From the
micrograph shown in Figure 9 it is likely that ttegp 30 um (zones 1 and 2) of the sample
were molten. Zone 1 is characterized by the presefhsome porosity and columnar grains,
whereas zone 2 appears highly dense and porosiy-#one 3 represents the unaltered
starting material. However, the origin of the fotraa of the two distinct zones in the molten
layer is not clear. A possible explanation is tt@aling of the melt starts from two sides, i.e.
the sample surface and from the bulk. These twialifoation fronts move towards each
other and meet at the interface between zone 12aitds important to stress again that the

entire molten matter was surrounded by the bulthabno contamination was possible.

Figure 9: SEM images of a cross-section through aaptly molten PuO, pellet. The extent of the molten
zone is indicated by the two bars in the overviewmage. The location of the magnified image is markebly
the arrow in the inset. Three different zones werebserved: 1) A top surface zone where re-solidified
grain shapes are visible, zone 2) that shows no mmity, and zone 3), corresponding to the original
unheated bulk. A sharp interface can be seen betwe¢he three zones.
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The molten matter was partially detachable fromithié. XRD analysis was performed
on both a piece of fresh Pu@ken from the bulk and a molten/refrozen parte Tésulting
lattice parameters could be compared and, usingriblysis reported by Gardnetral™, the
respective O/Pu ratios before and after meltingccbe determined. Figure 10 shows the two
diffractograms obtained on sample G before and aftgting and freezing. One can clearly
observe that both pieces had the same crystatteydluorite-like face centred cubic. It was
necessary to magnify some of the XRD pattern featat high diffraction angles to see some
slight differences (insert in Figure 10). The fattice parameter obtained for the unmolten
material was 5.396(1) A. The diffractogram of theli®n part displayed peaks slightly
broader and twinned, possibly corresponding toptiesence of two very similar phases with
lattice parameters of 5.4018(1) A and 5.3989(1)nreality, the molten part being only 15
mg in weight, it is very likely that it was not rened and isolated perfectly, so that non-
negligible traces of unmolten material were analysg XRD together with the frozen one.
Taking into account the uncertainties, calculatednfthe equipment precision and the fit of
the diffractogram, the measured lattice paramdiased on the correlation curve reported in
reference 1@orresponded in both cases to stoichiometric plutardioxide PuQo+0.0: This
uncertainty on the composition is largely negligibh terms of observable effects on the

melting temperature.
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Figure 10: XRD comparison of the bulk and molten/fozen part of sample G. Inset: magnification of XRD

comparison of the bulk and molten/frozen part of seple G at high diffraction angles.
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EPMA was also performed on molten and refrozenopiuim dioxide samples in order
to check their composition and homogeneity. Thislkof characterization, although affected
by a larger uncertainty, corroborated the XRD rssut can therefore be assured that the
PuQ samples investigated were, within the experimeamakrtainty, stoichiometric and pure
before and after being subjected to laser heatimthraelting. This implies, moreover, that
stoichiometric plutonium dioxide melts congruerdly any substantial composition difference
between solid and liquid would have resulted inrsggtion in the refrozen material, as was

never observed in the current samples.

3.3 PuOxy

The previous section deals with stoichiometridgium dioxide. A second approach
to the high temperature behavior of this compoumusists in the study of non-stoichiometric
samples. It is in particular interesting to hawaeav of the melting temperature of PuQas a
function of the oxygen content. In fact, differdnypotheses on the plutonium-oxygen phase
diagram exist, proposing congruent melting and maxn of the solidus/ liquidus lines either
at O/Pu=2.00 (e.qg.: reference 11) or at O/Pu<2:(eeterence 12).

PuQ.x samples A and B were sintered in Ar+5% H500 ppm HO) and not
annealed in air (Table 1 above). The O/Pu of theaeples was established by
thermogravimetry to be Py@s Laser heating performed under air led in these€# more
complex thermograms than those obtained for stomchtric Pu@. Three thermograms were
obtained with sample A and one with B. All of theresented the same behavior during
cooling. Figure 11.a displays the thermogram oleiwith sample B. A first inflexion point,
visible with difficulty, is observable around 29%4 This feature is followed by a thermal
arrest characterized by pronounced supercoolingesalescence, after which a second slight

inflexion is also present at lower temperatureufegl1.b).
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Figure 11.a: Thermogram, laser power profile Figure 11.b: cooling part of the thermogram.
recorded in a laser melting experiment on the

sample B.

The values obtained from all the thermograms dexbron these PuQ samples are
summarized in figure 12. The first (highest tempewg transition is difficult to observe but
well reproducible from one shot to the other, adlsdlifferent samples. The second thermal
arrest, much more pronounced, is likely to corresipim the total solidification of most of the
molten mass. Some segregation which probably odoubse solid/liquid/solid transition, due
to the high heating and cooling rates and the rmongwency of the transition. This would
result in the formation of a small liquid mass aged in oxygen, which would then solidify at
a lower temperature, explaining the third, lessiptmced inflection in the thermograms. This
interpretation of the experimental curves is obslguargely speculative, and should be
supported by further experiments and a suitablerétieal simulation of the heating cycles
[cf. reference 19]. Nonetheless, this picture giasleast in a first approach, a satisfactory
explanation of all the experimental observations]uding the pre- and post-melting XRD
analyses. Figure 13 shows these XRD analyses petbon sample B before and after the
laser melting experiments. A second phase (Bpds present in both cases in addition to
PuQ.«. Nonetheless, the two diffractograms look veryisimindicating that if segregation is
likely to occur upon the melting/solidification mess, this should result in the formation of a

very limited amount of oxygen-depleted phase.

In summary, and in a first approximation, theseesginental facts can explain the

three transitions observed on the cooling flankhaf thermograms: the first and the second
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may correspond to the solidus and liquidus of tigal composition, whereas the third can be
attributed to the solidus of a phase poorer in exyg

b
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Figure 12: summary of the values recorded on the R, , samples.
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Figure 13: XRD analyses on sample B before and aftlaser heating.

A second series of tests was performed to obgbevbehavior of stoichiometric PaO
under reducing conditions. Four experiments wergfopmeed under air with the
stoichiometric Pu@y, sample E: the melting temperatures were constathtegual, within
uncertainty, to the already established meltingipof stoichiometric Pu@y(figure 7). The

sample was then left in the autoclave whereby thevas removed and substituted by argon.
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A similar laser pulse was then applied to heatsémaple, but under argon the solidification

thermal arrests were observed at a lower temperafusecond identical laser shot was then
repeated under argon, and the thermal arrest tetoperdecreased again. The autoclave was
finally purged to perform new experiments underaaid after two consecutive heat cycles the

melting temperature rose again very close to ttebéshed Pu@y, melting point.

m  Under air
3020 - e Under Ar
] ™ A Under air
| | - ]
30004 A
[ ]
X 2980
o
=
S 2960
(]
o
I
L 2940 A
2920 °
T T T T T T T T T T T T T T T T T
2 3 4 5 6 7 8 9 10

Shot performed on sample E

Figure 14: Consecutive experiments performed undeair or argon on a stoichiometric PuQ oo sample,

shot 8 did not bring any result.

In conclusion, it has been observed that by varyiine atmosphere, the
melting/freezing temperatures of PuQOchange. More precisely, their values decrease
together with the oxygen content and reverselync&iit has been proven that, in these
conditions, plutonium dioxide can not be hyperdimmetri¢®, the observed melting
temperatures must correspond to different O/Po tatver than 2. It is reasonable to assume
that the lower is the oxygen partial pressure g dtmosphere, the lower must be the actual
O/Pu ratio in the solidifying sample. Contrarilyh@n shooting under air, the sample surface
can be re-oxidized and the ratio O/Pu restoredio®edo 2.

34 Discussion

The current results are in line with the recemtatasion of Katcet al*, who conclude
that the older investigation® yielded too low transition temperatures becaussahple-

containment interaction during the heat treatmewt®ss the melting transition. Yet, Kato
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proposed a temperature of melting still 170 K lowsan that found in this work (Figure 7).
This could be due to underestimation of the intiwadetween the Puaich MOX samples
and the rhenium capsule employed during the exmatsn These interactions could result
from not only the contamination of the plutoniunoxide samples with metal coming from
the holder, but also, and probably more effectiviédg chemical diffusion of oxygen from the
samples into the crucible, as the authors themsglemted out. Moreover, it should be noted
that most researchers performed this sort of measemts with pyrometers calibrated against
the melting points of metals recommended as secpmedierences. However, even during the
measurement of these reference melting pointsiosabetween the standard samples and
their containment could have occurred, thus affgcthe entire calibration procedure and,
hence, the temperature scale definition. The maai gf the current experimental technique
is to neutralize all these possible error sourtresddition, a series of post-melting analyses
were performed to make sure that the thermal arrastasured in samples with nominal O/Pu
= 2.00, actually corresponded to the melting pahtstoichiometric Pu@ and that no
detectable composition changes occurred at highpdesture because of incongruent

vaporisation or segregation.

Studies on sub-stoichiometric samples are stifoamy. Nonetheless, relying on the
fact (checked, essentially, by pre- and post-mglHRD) that the reported melting/freezing
temperatures were effectively measured for the amitipns Pu@q in the stoichiometric
samples and Pu@sin the sub-stoichiometric ones (samples A andhg,current data points
can be superimposed to the Pu-O phase diagram ipptilby Gueneau et Hi.(figure 15).
These points clearly suggest that only stoichiolmd2uQ melts congruently, whereas the
solidus and liquidus temperatures, well separatetheé hypostoichiometric domain, tend to

decrease whith decreasing O/Pu ratio.
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Figure 15: current data points superimposed to thé@u-O phase diagram optimized by Gueneau et &t.

4 Uranium — plutonium mixed dioxides (MOX)

Five different compositions of (U, Pu) mixed oxdd@1OX) have been studied in this
work (Table 2). Additional difficulties had to bakien into account for these compounds with
respect to the pure end members of this pseudoybsyatem (UQ@ and Pu®). In particular,
it is difficult to control the actual and the exaranium, plutonium and consequently oxygen
distribution in the material. Moreover, U/Pu/O ssgation was more likely to occur here
during the heating experiments. In addition, evapon phenomena had to be limited as

much as possible.

4.1  Sample preparation

A series of 5 compositions of mixed (U,Py)&amples from 25 to 90 mol% PO
were prepared (Table 2). They were named witHahel MOX followed by the Pu£mol%
and a letter is assigned to distinguish samplespatie same composition. MOX 25 A is the
first sample of MOX prepared with 25 mol% of PuOdhe starting material was powder or
beads obtained by gel-supported precipitation (8HL-). In the case of the MOX 80 and 90,
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they are prepared by infiltration performed on Ry®wder with a solution of uranium (1
molL™). Calcinations are performed in three steps, teatihg cycles in air, the first at 673 K
during 2 h and the second at 1073 K during 2 lovedid by a heat treatment under Ar + 1500
ppm H during 4 h at 1073 K. Disk-shaped samples of 8 ham in diameter and about 4 mm
in thickness were obtained using a bi-directiomakp. The samples were then sintered in an
atmosphere of Ar + Hwith traces of HO to obtain dense material. After sintering, the
samples were sub-stoichiometric, (O/M) < 2. Therrawignetry experiments (TG) were
performed to set the annealing parameters androbBtaichiometric samples. In these TG
tests, MOX samples were heated under an oxidisagyflyix of CO/CQ (1/100) with an
oxygen potential of 350-400 kdol*, depending on the U/Pu composition. Since the gas
composition was fixed, the oxygen potential was asgdl by gradually increasing

temperature, according to the equation:

AGo2 = RTIn poz (2)
Here, the oxygen partial pressure is imposed bye CQ equilibrium

2CO+Q - 2CO

And

2
_ Peo,

po2 (K EQ

Pco (3)
In Eq. (2), the equilibrium constaizq can be calculated after the data recommended in

reference 28:
Keo = exp(-566+0.17508 kJmol™?) (4).
Once a steady weight was obtained at a given teahper (Figure 16), the corresponding

oxygen potential was assumed to be the one inibguih with the stoichiometric MOX
(O/M = 2).
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Figure 16: Two successive heat treatments during €nmogravimetry measurements, mass variation

values lower than 100% indicate experimental fluctations.

The same oxygen potential was then used for theizixg annealing of the disks
prepared for the laser melting experiments. Twdsaitnealing cycles were performed per
each composition. The relative weight gain per esthple was checked to correspond to the
one previously measured by TG. If, in addition fudher change was noticed after annealing
the samples for a second time, it was considerat (th,Pu)Q oo stoichiometry had been
reached. Both the sintering and the oxidising ahng treatments had the secondary, very
important goal of homogenising the U-Pu distribatinside the sample. As previously stated,
this is an essential point also for ensuring a hgeneous oxygen distribution in the sample. It
should be note that the whole procedure for thelaiion of MOX samples to O/M = 2 was
more uncertain and less precise than the one eexplfwy the preparation of stoichiometric
pure Pu@. This was due to the presence of uranium dioxwdach, unlike Pu®@, has a
tendency to be further oxidised to Q) This risk was minimised in the current work by

annealing the samples at T< 1000°C.
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) Sintering Annealing
Starting
Sample Name . (gas/ (gas/
Materials ) )
temperature (K) / time (h)) temperature (K) / time
uo2 A Pellet already prepared
A-B
Sol gel no
MOX 25 -C Ar +2% H, + 1500 ppm KO / 1923/ 8
D-E Sol gel CO/CG; (1/100) /873 /8
First :
A-B Ar +2% H, + 1500 ppm KO / 1923 /8| CO/CQ, (1/100) / 873 /8
MOX 50 Sol gel k ppm 2 Q. )
C-D Second:
CO/CG; (1/100) /973 /3
First :
Ar +2% H, + 1500 ppm KO / 1923 /8| CO/CQ, (1/100) / 873 /8
MOX75 | A-B | Solgel o pPm 2 < (1/100)
Second:
CO/CG; (1/100) /973 /3
A-B o Ar +2% H, + 1500 ppm KO / 1923/ 8 )
MOX 80 c Infiltration Air / 1300/ 8
A-B - o Ar +2% H, + 1500 ppm KO / 1923/ 8 )
MOX 90 c Infiltration Air / 1300/ 8

Table 2: MOX composition, starting material and hea treatments.

4.2  Laser melting experiments on MOX samples
Laser melting experiments were performed on (UM®X samples with the same

procedure already employed for the pure uranium @lntbnium dioxides. Thermograms

recorded for different compositions are shown gufes 17 to 19.
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Figure 17: Thermograms recorded with the fast pyroneter at 652 nm on MOX 25 E.
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Figure 18: Thermograms recorded with the fast pyroneter at 652 nm on MOX 75 A.
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Figure 19: Thermograms recorded with the fast pyroneter at 652 nm on MOX 80 B.



The solidification arrests were often close tolagau, as would be expected for a
congruent phase transition. It would, however, bdikaly that solidification occurs
congruently for the different mixed compositionseastigated. Therefore it can be concluded
that the solidus and liquidus points could be tlose together to be observable at the cooling
rates produced with the current method. It camdgever noticed that, in some cases, as in
figure 18, a double arrest or a double inflectisioge change) was observed, as expected for
non-congruent melting with well separated solidgaitius temperatures. It will be necessary
in future to reproduce these experiments with nsam@ples and this second inflexion could
be highlighted by performing slower laser heatttremts with lower cooling rates. A large
undercooling (several hundreds K) was observed fawacases in MOX50 and MOX25
samples. The origin of this phenomenon occurrinly ona few isolated tests has not found
any satisfactory explanation. Independently, a ntfaérarrest close to the temperature
observed in other more regular thermograms wasrdedoafter the undercooling and
recalescence in all these cases. All the tempestat which thermal arrests or inflections
were selected, correspond to the first shot ondifferent samples. They were determined
according to the criteria explained above for pRt&} oo These values are summarized in
Table 3 and plotted in Figure 22. The larger uraieties for mixed oxide compositions were

calculated taking into account the small numbehefmograms.

Sample Number off Melting |Uncertainty
thermograms point (K) (K)
UO2.00 4 3130 20
MOX 25 3 3008 35
MOX 50 3 2872 35
MOX 75 1 2950 35
MOX 80 2 2965 35
MOX 90 2 3002 35
PuQ: o0 11 3017 28

Table 3: Temperature of the thermal arrest at the vavelengthl = 652 nm and with the emissivityg = 0.83.

78



One can observe that uncertainty bands are réhge, especially for intermediate
compositions. It is possible, that for these contposs, the temperature gradients induced in
the sample during the fast heating / cooling cyckesult in oxygen migration and non-
homogeneous distribution during the measuremertiss Jort of phenomenon should not
affect the small area of the pyrometer focal spdiere local equilibrium conditions are
assumed. However, this local equilibrium assumptioight be less accurate in these
particular cases, which could explain the largeadhspersion and, also, the average values
lower than those of Kato et al. for the samples N26Xand MOX50. In fact, deviations
towards both hypo- and hyper-stoichiometry havenbaleserved to result in lower melting
and solidification temperatures in the single o0xidg0,.x and PuQ@y (discussed in the
previous section). Yet, the current data pointsnatefar from those of earlier authors and still
within the large data scatter. In order to degp&point, MOX samples have been analyzed

after the laser heating cycles.

4.3  Post-melting sample characterization

a) X-Ray diffraction

After the laser experiments, the samples weresmaly fragile. Thus, the molten part
was separated from the bulk and XRD analyses werlnmned on crushed materials. The
molten part was thin, a few hundreds pum, and tleesponding mass was only about 20 mg
which complicated the preparation of homogeneoud #at samples. Even if the
diffractograms presented well defined peaks andomable signal/noise ratio, some of the
curves were difficult to fit. Part of this problewas due to partial detachment of the sample
from the X-ray diffractometer holder. In fact, tpewdered sample was pressed and mixed
with glue to obtain a thin layer, however, partloé matter could remain stuck to the mortar
affecting the flatness of the sample surface. Hifiisct is particularly visible at the lowest
angle of the diffractograms. Therefore, a secondhate was used to calculate the cell
parameters.

The spacingl between diffracting planes is defined by Braggis bs:

niA

2 3in(8) )
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0 and . are respectively the incident angle and the wangle of the X-ray beam is any
integer (1 in this work). For a specific plane ofllbt coefficients [h,k,I] in a cubic crystal of
lattice parametea, the value ofl can be obtained through the equation:

a

vh? +k? +1?

Ohyes = %)

On the diffractograms, the position of the peathathighest angle was determined with good
precision. Since the measurements were performech 260 = 20 to 120°, this peak

corresponds to the plane [6,0,0]. From the previegisations, the cell parameter could be

calculated as:

a=\/h2+k2+|2 [A _ 462168

213in(6) sin(6)

The cell parameters obtained from the fitting ofrditograms (with Fullprof) and from the

technique explained above are summarised in table 4

(6)

Sample part Fullprof | Calculated
MOX25 C Bulk 5.453 (2) | 5.454 (2)
Three laser shots were performed on this sampletf@dbtained (two 5.454 (2)
thermal arrests decreased from about 200 K betwefirst and| measurements

the third experiments. molten 5.45 (1) 5.423 (5)
The molten part shows two phases and an importafit &f the 5.450 (5)
background at low angles.

MOX50 B bulk 5.406 (5)
One laser experiment performed on this sample. molten 5.415 (3) | 5.415 (3)
One phase observed in both molten and bulk samples.

MOX75 B bulk 5.414 (3) | 5.413 (3)
Several laser experiments performed on this sample. molten 5.411 (3) | 5.409 (3)
One phase observed in both molten and bulk samples.

Table 4: cell parameters calculated for the MOX 2550 and 75 from the bulk and molten area.

The cell parameters of stoichiometric MOX were obsé to follow Vegard's lal
Thus, the actual results are compared to Vegardidndigure 20. The MOX 25 and MOX
75 cell parameters follow fairly well Vegard’s laim. MOX 25, however, a secondary phase

was observed in the molten part with a smaller gatbmeter. Three shots were performed on
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this sample and the thermal arrest temperatureedsed from one laser shot to the next. It is
therefore possible that evaporation or segreggtieanomena took place at high temperature.
The lattice parameter of MOX 50 is lower than peesti, although only one phase was
detected for this composition. Different explanasio are possible, involving non-

homogeneous oxygen distribution or U/Pu ratio.

5.48- Vegard's law
= Full Prof: Bulk
5.47 - Full Prof: molten
5.464 4 Calcul: Bulk
F Calcul: molten

5.45 1
5.44 4

<
po 5.43
5.42
7 I
5419 2™ phase 1 Y
5.40- - :
5.39 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Pu / %omol

Figure 20: calculated cell parameters compared tche Vegard's law.

b) SEM - EDS

Two main features influence the cell parameterthefMOX, the O/M ratio and the
U/Pu ratio. To help a correct interpretation of ¥XRD results, SEM and Energy Dispersion
Spectroscopy (EDS) analyses were performed to alotite surface homogeneity and U/Pu
ratio of the different samples after laser heatiddthough laser melted samples were
generally broken after the heating cycles, it wasmnally possible to analyse parts of the
molten and non molten surface. EDS analyses weferpeed on square spots with 0.01 mm
side. As an example, Figure 21 a shows a EDS gedormed on the surface of sample
MOX 80 A after laser melting. Eight measurementsengerformed on the molten area and
one on the bulk. The U/(U+Pu) ratio was measurelieeaconstant within the instrumental
uncertainties plotted in Figure 21 b. It seemsdfmee reasonable to assume that the U/Pu
ratio does not vary enough to influence the meltergperature measurements in the current

laser heating experiments.
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squares.

4.4 Discussion

Despite the large data dispersion and the destrissues related to oxygen
distribution in the laser irradiated samples, disightly clear trend can be deduced from
Figure 22: the solidus/liquidus curves of the psebohary system U®— PuQ seem to have
maxima for the pure end members and a minimum riterinediate compositions, most
probably between 40 mol % and 60 mol % Pu.

In a more general overview, the current data goipibtted in Figure 22 together with
the review graph published by Kato et al., lookfair agreement with those of previous
researchers in the U-rich part of the J© PuQ pseudo-binary system. In this range,
however, the present solidification temperaturessmmewhat underestimated with respect to
those of Kato et al., possibly due to non-homogaseoxygen distribution within the
temperature gradients produced in the current ssngh the composition range with
mol%PuQ > 50, instead, the current solidification points higher than all those previously
observed, up to the newly established congruentimgelfreezing point of pure Py@t 3017
K. The disagreement with previous data has beasfaebrily explained as being due to
extensive interaction between sample and crucibléraditional heating techniques. This
trend in the Pu-rich part of the pseudo-binary diag implies the existence of a minimum
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congruent freezing point at intermediate compos#iorhe solidification arrest similar to a
congruent plateau in the MOX50 suggests that th@&muim is probably very close to 50
mol% PuQ. The large uncertainty, however, calls for furthresearch to confirm this

conclusion.
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Figure 22: The UO2 — PuO2 pseudo-binary phase diagm with the current data point compared to
literature data. The dotted curves suggest an appsdmate trend for the solidus and liquidus lines assssed

in this work.
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5  Neptunium Dioxide

5.1 Sample Preparation

Three NpQ., samples have been prepared, contaifiifigp. The starting material was
powder. Disk-shaped samples of 4 mm in diameter @mout 1 mm in thickness were
obtained using a bi-directional press. The samplee then sintered in an atmosphere of
Ar + H, with approximately 1500 ppm of-B to obtain dense material. In order to obtain the
exact O/Np = 2 stoichiometry, the samples were aledeunder a flow of air at 1823 K for 10
hours. No weight change was observed after a seaondaling, and this was taken as a

satisfactory test that the stoichiometric O / Np eomposition had been reached.

5.2  Laser Heating

Only the first of the three NpGsamples could be investigated by laser heatirthen
current research project. Several tests were daoti on a Np@sample held in compressed
air (2.5 bar). A solidification arrest was cleadgtected, although not always perfectly flat.
This irregular and not satisfactorily reproducibleape of the solidification arrest is attributed
to morphological changes of the sample surface suecessive laser shots. The freezing
arrest was observed in a well reproducible tempegatange over six successive shots on the
same sample (Figure 23). This indicated that noegggion or non-congruent evaporation
occurred during the heating cycles across meltimggst probably confirming that NpQOnelts
congruently, as already postulated in the eartisearch of Chikalla et &l.and of Richter and
Sarf’. The spectral emissivity of freezing Np@as also studied in this work by multi-
channel VIS — NIR pyrometry, the technique alrepthsented in Chapter 2 and employed for
plutonium dioxide and MOX as reported earlier instichapter. Both the “fit to Planck
curves” and the “extrapolation to zero wavelengtpproaches were successfully used to
exploit the multi-wavelength pyrometry data. Reswbtained by the second approach are
reported in Figure 24. The radiance temperaturetgpa recorded during the freezing arrest
with an integration time of 2 ms is well fitted Wita greybody (constant) emissivity of
0.81+0.05 and a true temperature of (3040 + 40) s emissivity value is very close to the

one obtained and recommended for JU@nd Pu@, which is absolutely reasonable
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considering the identical Fm3m structure of thes@des. The melting / solidification
temperature value reported above has been obséwvbd reproducible, within the given
uncertainty limits, over six different experiment$owever, the uncertainty band might be

reduced by testing other “fresh” samples, wherestiveace morphology effect is smaller.
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Figure 23: One of the six thermograms successfullgcorded on NpG.. The dotted rectangle indicates the

temperature range in which thermal arrests have baeobserved in all the experiments.
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Figure 24: The extrapolation to zero wavelength méibd for the emissivity analysis during freezing
applied to one of the six successful laser heatingycles performed on NpQ. In this case, the true

solidification temperature was observed to be 303, within the reported uncertainty.

85



53 Discussion

The melting / freezing point observed by lasertingaon NpQ at (3040 £ 40) K, is
more than 200 K higher than the value recommenge@tbkalla et al. in 1971 and Richter
and Sari in 1987. All these authors used traditibeating methods (induction furnaces under
blackbody conditions) for their high-temperaturgastigations. Under such conditions, the
NpO, sample probably reacted extensively with the dantant, because of its high oxygen
potential. Thus a situation similar to that alreatiycussed for pure Pu@s observed here:
fast heating under containerless conditions has/shbat the reaction between sample and
containment probably lead in more traditional hegattechniques to an apparent freezing

temperature much lower than the one measured éqouhe uncontaminated compound.
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Chapter 4. Experimental Study of the Melting Behaviour

of Carbide Nuclear Fuels

Uranium-plutonium carbides are one of the candgldor generation IV nuclear
power systems, particularly for the gas-cooled festctor (GFR) and the very high
temperature reactor (VHTR)Detailed description of these fuels is given aater 1. The
fuel maximum operational temperature in the GFR¥HAR is between 1300 and 1500 K,
but even higher temperatures can be produced @odatental conditions. Experimental data

are therefore important to model the high-tempeeabehaviour of these new fuels.

In this framework, the binary systems uranium-oarland plutonium-carbon are the
starting points to study the ternary uranium-plutamcarbon and other more complex fuel
systems. These materials are pyrophoric and oxidagly increasing the experimental
difficulties at high temperatures. Series of prahany measurements were performed on
uranium-carbon samples to demonstrate the fedgibilithe laser technique on this kind of
materials. Thereafter, it was possible to perfororarcomplete investigations in the U-C as

well as in the Pu-C system. The following sectipressent these studies.

1 The uranium carbon phase diagram

A general description of the uranium carbon plthagram is given in Chapter 1. Here
more details are discussed concerning the high d@eatyre domain. This is displayed in
Figure 1 with the melting temperature values regmbrin the open literature prior to the
current research. The main part of the experimetattd are from the 60-70s and the reported
values show significant scatter. The melting poofts)C and UG are reported to be between
2553 and 2973 K2 and between 2713 and 2803 Krespectively (Table 1).
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Carbide T, (K)

uc 2763+40 2533+50 2973 2663 283 2768+30 2863 -
2798 - - - 2833 2798 - -
2833+50 - - - - 2788 - -

uc, 2753 - - - 2803 2753 - 2713+40

Ref. 6 2 3 7 5 8 9 4

Table 1: Reported value of UC and Ugmelting temperature, T,

Variations in the experimental values may ariee gikample, from oxygen or nitrogen
contaminatio”’® or volatilisation during meltinfy Storm§ also mentions that the very low
temperature reported by Wilsdn(not reported in table 1) was probably due to W
contamination. Previous measurements of the solidod liquidus were made using
traditional furnace heating methods. Mallett et’ ameasured solidus and liquidus
temperatures of samples between UC and pl€pared using argon arc melting. A sample
where a shape similar to a ridge or peak couldistinduished was placed on a graphite ring
and heated under vacuum in a furnace. The temperatuwhich the "ridge" or "peak"
rounded was recorded as the solidus, and the taemoperat which the sample lost shape and
fell through the ring, as the liquidus. Authors aaften referred to the work made by Benz et
al.* to draw the uranium carbon phase diagram becaute garticular attention given by
these authors to the characterisations before #iadleat treatments. They determined the
solidus by induction heating of samples up to mgltiThe samples were prepared by cold
pressing and sintering different ratios of pre-pred uranium carbides under vacuum, to
form a cylindrical shape, into which a small hobdatkbody) was made in the top surface.
The sample was slowly heated using an inductionaite under a helium atmosphere until
liquid was observed in the hole. At this point teenperature for the solidus was recorded,
using an optical pyrometer focused on the holeceithe work of Benz et al., no new
experimental data have been added to the U-C piiageam, until 2009, when the first
results of the current laser heating study werdighid?. The data of Chevalier and Fischer

refer to a review work
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Figure 1: Zoom of calculated U-C phase diagram, beteen C/U 0.4 to 0.8, showing selected literature @a

on the solidus-liquidus region.

1.1 Experimental methods

a) Sample preparation

Eleven samples with C/U varying from 0.8 to 2.1lreverepared with an argon arc
melting furnace, available at ITU in the Actinidegearch Unit. To this purpose a uranium
metal ball was cleaned by electrolysis before beiagbined with graphite splinters in the
appropriate ratio. High vacuum (from 1Go 10° mbar) and pure argon purging were
performed at least two times to remove the oxygemfthe furnace. A visual test was
performed prior to the preparation of each samplmblting a ball of zirconium. When traces
of oxygen were still present in the arc furnaceeasily visible change of colour from grey to
blue occurred in the Zr specimen. After positivexaasion from this test, the uranium was
melted carefully until the totality of the graphitead diffused inside. The "button" thus
obtained was re-melted a few times to ensure a gootbgeneity. The drop-shaped sample
was then cut with an ISOCUT® diamond saw in a feskslabout 1 mm thick and around
10 mm in diameter (figure 2). The biggest disksevesed for the laser melting experiments

and the others for characterization.
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10 mm

Figure 2: An arc-melted uranium carbide button cutin pieces.

b) Sample composition analysis

Under the current conditions, it is reasonablednsider that these uranium carbide
samples did not contain any element other thaniwmancarbon and impurities of oxygen.
Other minor impurities, like for example nitrogendasulphur, were detected only in traces.
Under this hypothesis, only oxygen and carbon aeslyvere necessary to determine the C/U
ratio, as uranium content can then be obtainechbydtfference to the total sample weight.
These analyses were performed with the fusion etibra— infrared determination (referred
to as ELTRA ®), as described in Chapter 2. Theltesare shown in table 2. The relative
uncertainty on the C/U ratio is about 2%. This aom$ that it is possible to prepare by arc
melting uranium carbon specimens with the desirdd fatio since these value differ in
general by not more than 0.02 (in the worst cases) the intended one. Moreover, it can be
appreciated that the set of precautions taken Hasgeptly limited the oxidation of the

samples, only one measured oxygen mass fractiorigher than 1000 ppm.
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Cc/uU Relative uncertainty C O
(%) (mass fraction (% )) [/ ppm / rel. uncertainty
rel. uncertainty ( % ) (%)

0.8 X X X

1.02 2 48713 1650/ 10
1.27 2 6.035/2 40/ 60
1.39 2 6.56 /2 37160
1.48 2 X 40/ X
1.54 2 7.1971/2 280/ X
1.65 2 7.69/2 21/60
1.70 2 7.88/2 154 / 60
1.88 3 8.644/3 65 /25
2.02 2 X 50/ X
2.06 2 9.43/2 640/ 80

Table2: Analysis of the sample compositions.

These analyses were combined with X-Ray diffrac(®RD). Even when the samples
appeared slightly oxidised, the diffractograms meslfeowed the presence of any phase other

than those expected. Three distinctive cases weteened (figure 3):

* Observation of the pure UC phase
It corresponds to a face centred cubic structw&apic with NaCl. Diffractograms showing

only the UC structure are observed for G/UW.

* Observation of a mixture of UC + YC
From the ratio C/U = 1.3 to 1.7, all diffractogramsisow a mixture of UC (with the NaCl
structure) + UG, (with the tetragonal structure).

« Observation of Ug+ graphite

From the ratio C/U = 1.8 to 2.1, diffractogramsregspond to Ug, with a tetragonal

structure. For C/&2 graphite traces are also visible.
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Figure 3: X-Ray diffractograms of 6 different compgsitions of uranium carbide samples.

According to the equilibrium phase diagram, thistore of UC + UG should not
have been obtained at room temperature, but rath@xture of UC + WC; or U,C3+ C. This
point was extensively discussed by J. Ladgieho proposed a metastable phase diagram
where the U@ phase is present at room temperature (figure ByidDsly, U,Cs; cannot be
formed because the decomposition kinetics of Wb U,C; + C is extremely slow and this
reaction must be initiated by high vacuum and/ochmaaical stresses. The measurements of
melting point are not impacted by this observatiooywever the solid-solid phase transition
observed at lower temperature must be interpretethe light of this metastable phase

diagram.
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Figure 4: Metastable phase diagram determined by J.augier et al.. It shows the existence of cubic UC

and tetragonal UG, at room temperature, in equilibrium with graphite.

The corresponding XRD cell parameters are caledldbor each composition and
compared to literature. UC (C/U = 1.02) has a Naflicture, its lattice parameter being
a=4.959 (1) A, Ug(C/U = 1.88) is observed only in the tetragonaiaure, type Cafwith
the lattice parameter a = 3.525 (1) A and ¢ = 5@94A. In spite of the number of studies
performed on this subject, uncertainties remaith@se values. Literature values of the lattice
parameter vary from a = 4.9544 (35°%0 a = 4.962 A**for UC and from a = 3.509 (3) A,
c=5.980 (5) A to a= 3.633 A, c= 6.036°Afor a-UC,. These characterisations are
performed on quenched samples. Both compounds eduyfer- or hypo-stoichiometric and
thus the lattice parameters depend on the quanttitarbon vacancies or C2 group frozen
during the quenching. Moreover, oxygen and nitrogemneasily soluble in both UC and &C
Thus, the UC lattice parameter decreases by additicoxygen, whereas the effect on the
UC, parameters is less clear and would require spesifidies. Table 3 shows values from
literature and those obtained from the different @tios.
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23 4.9598(3) 23 3.509(3) 5.980(5) | 1.02 | 4.959(1)

25 4.961(1) 25 3.524(1) 5.999(1) | 127 | 4.957(1)| 35521(1) | 5.990(1)
26 4.960 o4 3.633 6.036 1.39 | 4.959(1) 3525(1) 5.996(1)
20 4.9544(3) 33 3.517(2) 5.087(2) | 148 | 4960(1) 3525(1) 5.996(1)
27 4.9606(5) 34 3.522(1) 5.988(1) | 1.54 4.961(1) 3.522(1 5.990(1)
13 4.962 35 3.522(8) 5.082(15)| 165 | 4.963(1) 3522(1) 5993(1)
28 4.958(2) 36 3.524 5099 | 1.70 | 4.959(1) 3.524(1) 5.994(1)
29 4.960 37 3519 5971 1.88 | 4.959(1) 3.525(1) 5.994(1)
30 4.960 2.02 3.520(1) 5.981(1
21 4.962 2.06 3.521(1)| 5.988(1
22 4.962

31 4.961(1)

32 4.955

Table 3: Cell parameters from literature and currert research.

As shown in this work, th@-UC, structure, existing at temperatures higher than
2050 K, cannot be quenched because of the extrdamstlgiffusionless reaction which occurs
during the transformation t@UC,. This point is discussed more in details laterwB@n et
al>* performed high temperature neutron diffraction amdwed thaf3-UC, has a KCN
structure, with lattice parameter a = 5.488 A at2K, fully miscible with the UC structure.

However, Storthproposed that when the quenching rate is suffiigieapid, the UC
lattice can retain most of the carbon vacanciespantiof the C2 group. Consequently, even if
the high temperatur@-UC, modification is not quenched, the low-temperatigpendence of
the lattice parameter on crystal defects is betleleebe similar to the high-temperature one.
Figure 5 shows the cell parameters calculated fiXIRD analyses. The two samples,
C/U=1.2 and 1.8 are not reported in table 2 bseeawo melting temperature could be
measured for them. The cell parameters between=Q/3 and 1.7, increase linearly. This
tendency seems to correspond to Vegard’s law. Hewedhese points fitted with a linear
equation give a trend whose extrapolation to C/RJyrelds to ac, = 4.967 A. This does not
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correspond to the cell parameter BJC, determined by Bowman. Hence, it seems that
whereasa-UC; is easily formed even upon rapid cooling, the;lGtructure is partially
quenched from high temperature through the two eltsnain below the peritectoid. The
actual composition of this UG quenched phase, not determined in this work, is
consequently shifted towards C/U = 1, without réaglthe exact UC stoichiometry. Many
explanations are possible for this phenomenon, cdodse example on segregations,
concentration of quenched vacancies etc. This sulyédl be deepened in future research

involving also Raman analysis.
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Figure 5: cell parameter of the UG., quenched phase.

c) High temperature measurements via laser heating

In general, two to three disks were available gamposition. A 3 mm laser spot
diameter was sufficient to obtain a molten area émpugh to have meaningful results.
Uranium carbide samples displayed a good mecharesatance towards laser irradiation, it
was therefore often possible to shoot on diffesgrutts of the same sample without destroying
it (figures 6 a and b). First tests were performaeder primary vacuum but in some cases a
black ring was observed around the molten areahwstmuld be due to oxidation during
testing. Moreover slight traces of evaporation doalso be observed on the colder parts of
the sample and on the protective window. To redioth these effects the whole experiments

were performed under a 1.5 to 3 bar Ar pressure. mblten part of the sample remained
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shiny and slight traces of evaporation were obs®evanly after a large number of heating
cycles.

Molten

Area

Laser snot diamet

Figure 6 a: C/U = 0.8, because of the small  Figure 6 b: C/U = 1.5, here laser heating was
diameter, this sample could be melted in one performed on two different positions.
position only. Some cracks are created because of the

thermal stresses

Cracks often appeared in the laser-heated sardpkeso thermal stresses, and part of
the surface could also fall into pieces during to®ling. These phenomena can lead to
peculiar features on the thermograms which arelays easily understandable. The surface
state was therefore optically controlled before aafler each single experiment.
Characterizations with SEM were also performedhenrholten area and, when possible, this
part of the sample was detached from the bulk feay)diffraction analyses. The screws or
the high-temperature glue which maintained the $amyere also regularly inspected to

ensure that no degradation or reactions with thgsaoccurred during heating.

The quality of the thermogram is strongly dependenthe pyrometers alignment. As
explained in Chapter 2, when the pyrometer is resfeptly aligned in the centre of the
molten area, the recorded signal can be affectetidopresence of thermal gradients, and its
interpretation can be difficult. Because of the Br@aer spot used for this study the molten
area diameter was also relatively small (about 3).nmpreliminary laser shot was used to
brand the sample surface in order to ease thenaéighof the pyrometers on the right position

for subsequent shots.

The heating laser power vs. time profile is theap@eter which principally influences
the thermogram shape. As described in the previchepters, a fine tuning of these

98



parameters permits to reach the sample melting é¢eatyre and produce enough liquid to
observe a well defined thermal arrest upon freezingorder to avoid excessive thermal
shocks and a sudden projection of molten droplete the windows of the pressure vessel,
the laser pulse should not reach the maximum ptweequickly. For this reason, the initially
used square laser pulses were replaced by trapgzoafiles. Experiments were performed
with different laser pulses, and it was observed &longer pulse at lower power favoured a
longer plateau and a faster pulse at higher terperded to a sharper plateau (more
horizontal), probably as a consequence of the temuof thermal gradients across the laser-
irradiated zone in this latter case. Inflectionsldaalso be observed during the heating stage
of a thermogram but they were not reproducible tuéhe experimental conditions at this
point. Thus all phase transition temperatures hmen determined during cooling, whereas
the heating stage provides useful information amhen the Reflected Light Signal (RLS)

analysis can be performed, or for specific emiggistudies.

1.2  High temperature behavior of uranium carbides

a) Multi-channel pyrometry measurements of uraniumcarbides

Thermograms of uranium carbides have been measaréus research project at
many wavelengths, in the ultraviolet (UV), visitl€lS) and near infrared (NIR) spectral
ranges, making use of the methods depicted in eh&ptin particular, several compositions
with 1 < C/U < 2 have been measured in the VIS and NIR domaieyeds only UC and UC
were investigated in the UV. This research hasnatbobtaining a wavelength-dependence of
the sample spectral emissivity for uranium monaodarbln addition, the high temperature
emissivity behaviour of UChas been critically assessed. For this latter cumg, spectral

emissivity had been investigated only up to 2248 K

a.1) Uranium Monocarbide

The spectral emissivity of uranium monocarbide wtaslied by De Coninck et*&F°
and by BobéY et al. by direct spectral reflectivity measurerseober et al., in particular,
obtained accurate results on the spectral emigsofitsolid and liquid UC between room
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temperature and 4200 K, results are reported iar€ig. In the same work, also the melting
temperature was reported as (2780 + 30) K. Bobak. gerformed direct measurements of the
spectral emissivity, whereas in the current work garameter has only been obtained from a
numerical fit of the radiance measured at diffeneawelengths. For this reason, it seems
reasonable to take the results of Bober et al. radegaence for the present evaluation of UC.
On the other hand, the current investigation wélmit to complete the previous one by
yielding a wavelength dependence of the spectradswity for solid and liquid UC. It should
be born in mind, however, that Bober et al. periuintheir measurements on UC samples
with a high content of @impurity (3500 ppm), and this important uncertgisburce can

hardly be evaluated in the present study.
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Figure 7: Normal spectral emissivity €) explain at 650 nm of UC (+3500 ppm O2) measured/tBober et
al.*.

In order to produce results comparable to Bober'&ll multi-wavelength pyrometry
investigation was performed on a 4000 ppm—Ccontaining UC sample. VIS-IR and UV

pyrometry investigations were performed using duhhiques described in chapter 2.

Experimental thermal radiance (Planck curves) vited with Planck-like functions
(with the absolute temperature as a free paramebtetjiplied by the Taylor expansion of the

emissivity assumed to be a continuous functiomefwavelength:

n .
e(A) 0> g 1)
i=0

The summation was generally extended to n = 2 résilts were already acceptable in the

grey body approximation, and numerical instabildyises whenever the summation is

100



extended to too many terms. Moreover, Taylor exjpans a fist-approach method to take
into account emissivity as a function of wavelengithe values obtained in all the
investigated composition range fall in a large utaety bandegso = 0.45+ 0.07, for both
solid and liquid UG. The main reason for the large uncertainty is ¢osought in the
numerical instability of the regression. A disdonity between the emissivity of solid and
the emissivity of liquid, in agreement with resuttsBober et af’, was observed in many
cases. However, the gap between the solid anddghig lvalues was often smaller than the
measurement uncertainty. The same method was usemh danverse one to obtain the
emissivity of solid and liquid UC at a known temgteire. This could be realized at the
melting point of stoichiometric UC, which was edisitred to be (2780 + 30) K based on the
work of Bober et al. and confirmed in more receatadreview® This was imposed to be the
temperature of the two thermal arrests (meltingfa@elzing) of figure 8.

3200+ UC ] 1.0
' T =T =2780K 1°°
v 3000 m Tos
~ 1T _=2780K lo7 -
©  2800- - | _ L
= ' 10.6 =.
3 €, =05 -2 1 %
g 2600 Y first assumption y G
CEL Smeasured mq
S 2400- g
" T with € =0.5
2200+ wi constant "
—— T with measured €
2000 41— . . | | |
1.0 15 2.0
time/s

Figure 8: Measurement of the UC emissivity

One can observe that on melting the thermal aisedbllowed by an apparent
temperature decrease, while on freezing the oppadfect is observed (blue thermogram-
corresponding to constant emissivity = 0.5). Thhemomenon can be explained on the basis
of an emissivity decrease upon formation of li§tid’hermal radiance spectra were recorded

® Since the same effect occurs both on melting aeezing, it cannot be related to supercooling ofithed.
Supercooling of the liquid is normally ruled out wyitably setting the laser heating parameters
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at several points during the melting and freezingsts. Using the approach explained in
chapter 2, calling§\) each of these spectra, and P (2780) the Plamzkibn at 2780 K, the
sample normal spectral emissivity for each expemtadespectrum is given by definition by
a0 = @

Emissivity values are thus obtained in the invedad wavelength range (0.550 g\ <
0.900 um) for each of the experimental spectrardscb during the melting and freezing
arrests. Twelve spectra were recorded on meltingtaelve on freezing. The spectra taken
on the maximum recalescence in both cases weredeoed as corresponding to the solid,
whereas those taken at the minimum temperaturegltine phase transition were attributed
to the liquid. Spectra in between were considersdaamixture of the two. Results of

emissivity as a function of wavelength for solididiguid UC are shown in figure 9.
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Figure 9: Emissivity as function ofi in liquid and solid phases

The resulting emissivity trends are:

Solid UC: &= 0.75746-0.46794+0.1849K° (3)
Liquid UC: &= 0.79998-0.75548+0.3903@> (4)

Uncertainty bands in Figure 9 are given by the ocwsitipn (according to the uncorrelated
error propagation law) of the uncertainty on thdtimg temperature of UC (= 30 K) and the
dispersion on the current experimental emissivayad Within these uncertainty bands, the
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reported emissivity trends have been checked, hingi radiance spectra at different
temperatures, to be valid also for solid UC at Tycand for liquid UC at T > §. One can
notice that:

1. The gap between the emissivities of solid angdid UC is confirmed in the
investigated spectral range. This gap slightly setadincrease with increasing

2. The spectral emissivity of both solid and ldjulC decreases with increasing
wavelength, as expected for a metallic materighenVIS-UV range.

3. The spectral emissivity values at 0.65 pm a8 @or solid UC and 0.47 for liquid
uUC.

The latter values are used in order to correctstgeal of the fast pyrometer used to
record thermograms in the current study. It shdaddhoted, however, that the effect of the
gap between solid and liquid emissivity was redulabserved only for samples with a high
content of oxygen impurities (> 2000 ppm). The gioesremains therefore open, on whether
the oxygen content has an impact on the lower evitis®f liquid. A more accurate analysis
of the solid surface roughness effect on radianigithalso lead to a better comprehension of
the observed behaviour. The melting temperaturergbd for samples with lower oxygen
contents are still consistent, at 0.65 pum, vagdy = 0.53 and ; = (2780+ 30) K. One can
observe that in the red curves of figure 8, thessiwity variation between solid and liquid
(using the 0.650 um values indicated above) congtenalmost perfectly the inflections
corresponding to the melting and freezing arremtsl, it flattens them as a result. However,
given the still large uncertainties on the measemdssivity, this effect has not been included

in the calculation of the error bands on the pliaagram experimental points.

In order to complete and corroborate the presemsualts, the melting temperature of
UC could be measured also by making use of UV pgtoyn using the technique under
development presented in Chapter 2. The resultiegntogram measured at 0.215 um is

reported in Figure 10.
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Figure 10: Thermogram in radiance temperature recoded on a UC sample (3500 ppm Qat 0.215 um.

It should be noted that the radiance gap is ngibM in this case upon melting and
freezing. This can be ascribed to two possible eaus§irst, the focal spot of the UV-
pyrometer is much larger than the focal spot of \Wh® — IR ones. Therefore, the observed
signal is an average on a wider region, where thegradients and possible temperature
jumps are smoothed. Second, if the trends for thissvity of solid and liquid UC reported
in figure 9 are extrapolated to 0.215 pm, one daserve that the emissivity gap tends to
vanish in the ultra-violet range. In particular,0a215 um the emissivity for solid UC would
beesoLp 215 0.68, and the emissivity for liquid U€ quip 215= 0.66. Under this assumption,
the radiance gap corresponding to the emissivitiattan would be of approximately 1.5 K,
i.e. much smaller than the measurement intrinsicertainty. For these reasons, it is not a

surprise that the radiance gap clearly observedarvisible range could not be noticed in the
ultraviolet.

Since the reported radiance melting/freezing teatpee at 0.215 um is a lower bound
for the real temperature (which will be higher, tbgver is the emissivity), the measured
value of (2745t 15) K can be considered as being in agreement twéhvalue of the true

melting temperature, (278015) K, established with the measurements in thibla range as

explained below.
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The value at 0.215 pum of the spectral emissivitlyasponding to a true temperature
of 2780 K can be easily obtained from equationr{&hapter 2, solved faf,.. By substituting
the current UV values fot andT, one obtaing,15= 0.736. This value is slightly higher than
the one extrapolated from the VIS/NIR analysis/l stvell within the experimental
uncertainty. In fact, one should not forget thag do the low sensitivity to emissivity changes
(cf. Chapter 2), UV pyrometry is much better suitedthe measurement of temperature than
it is for the estimation of emissivity once thedrtemperature is known. Nonetheless the
usefulness of this further temperature measuremeshorter wavelength can be seen from
the diagram in figure 11. Here the inverse solidifion radiance temperatures measured on
the UC sample are plotted as a function of the ipgter wavelength and fitted both with
linear regression (dotted line) and with the fumctin equation (3) above, obtained by
imposing the value 2780 K to the true melting terapee.

It can be seen that, while in the VIS/IR range tihe approaches give equally good
fits, in the UV a discrepancy between the lineaafid the experimental data is evident. The
apparently little numerical discrepancy (2766 KO&15 um for the linear extrapolatios.
2745 K experimentally measured) is not negligibleew the little sensitivity of the radiance
intensity in the UV is taken into account. Moregvéhe extrapolated solidification
temperature at zero-wavelengthy Give a clearly too high value (2873 K). This slsothat
the method called "linear extrapolation to zero &amgth" can be very approximate when
the investigated material has an emissivity depeceleon wavelength which consistently
deviates from the gray body behaviour. This linnitatof the "linear extrapolation to zero
wavelength" approach can be well evidenced by gmigrthe operational wavelength range
of the pyrometers, as it is done here by employNgoyrometry.
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Figure 11: The inverse solidification radiance tempratures measured on a UC sample as a function df¢

pyrometer wavelength

In conclusion, the current results on the meltiegperature and the spectral emissivity

behaviour of UC can be summarized in the followpognts:

1. The melting point value reported by Bober ef°alT,, = (2780+ 30) K can be

confirmed, with the emissivity values recommendgdbber et al. at 0.65 pum.

2. The spectral emissivityg, of solid and liquid UC is dependent on wavelength,
according to Equations (3) and (4) valid for mejtisolid and solidifying liquid
respectively. The validity of these trends has bebown to extend, within the
reported experimental uncertainty, from the UV oag(A = 0.215 um) to the near —
infrared A = 0.9 um). No significant emissivity changes haeen observed, within
the limits of the current experimental approach, liguid at higher temperature and

solid at lower temperature.

3. A gap of approximately 0.07 between the emissioftgolid UC and that of liquid UC

in the visible range is confirmed. This gap termsdnish at short wavelengths (in the
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UV domain) and increase at increasing wavelendibsvever, the emissivity of liquid
UC is probably dependent on the oxygen impurityteonn

a.2) Uranium Dicarbide

The emissivity analysis for UG is more difficult and challenging than for UC.
Essentially, no real reference points exist fos ttwmposition above 2240 K, the maximum
temperature reached by De Coninck et al. in thgpeamental investigation based on
electron-beam heating and reflectivity anal¥sikike in the case of Bober et al. for UC, also
De Coninck k et al. performed more direct measurgmef spectral emissivity, based on
Kirchhof's law. Their results can therefore be takas a reference for the current
investigation. However, as it can be seen in Fiditethe data of the De Coninck et al. are
not well reproducible in different samples, espiciabove thea - [3-UC, transition.
Whereas an emissivity of approximately 0.328.025 can reasonably be assumeafiC,,
slightly increasing with temperature, not much dan said forB-UC,, if not that€gsp is
probably still close to 0.5 in the vicinity of the—- (3 transition. On the other hand, De
Coninck et al. also measured the spectral emigsavi2.3 um, showing that its value is lower
than it is in the visible range. This behavioutyigical of a metallic material, which-UC;.4
has been shown to be both by electrical resistivitgasurements and by ab-initio
calculation&®. Although this property has never been directlgven for-UC,.,, also this
phase can reasonably be assumed to behave aswctwondy analogy with cubic UC (which

is essentially the same phase), or withyfdhC,*.
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Figure 12: Normal spectral emissivity measurements a and B-UC, by De Coninck et al®®. The ina - -
UC, transition temperature is reported with an uncertanty band of 30 K around 2055 K. The melting

temperature is reported with the uncertainty band dotained in the current research.

Based on this assumption, a metallic behaviouhefspectral normal emissivity can
be hypothesized for UCand in particulag, can be assumed to be slightly decreasing Mith
Since this behaviour corresponds to the one eshaddlifor solid UC, it is natural to assume,
as a first approximation, th§-UC,, which is isostructural to fcc UC, has also a &Emi
spectral emissivity. In order to test this assuorptihe thermogram in Figure 13 recorded at
0.65 um can be taken as a reference. This wasdeta@n a Ug sample containing around
640 ppm of oxygen (see Table 1 above). One cagentiie main features of the thermogram:
an inflection corresponding to melting, a cleartha arrest upon freezing and a long thermal
arrest corresponding to tiffe- a transition. The melting inflection was not reprodile upon
heating at this wavelength, probably due to pagasitlection of the heating laser beam, and
has therefore not been considered in the presahtsisy Many-wavelength spectra have been
recorded corresponding to each of the blue cinddgure 13. Spectra on the freezing arrest
are fitted using Wien’'s law corrected by equati@) for the spectral dependence of

emissivity. The fit is more conveniently performal a diagram plotting the inverse radiance
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temperatureg,; vswavelengthi (Figure 14). The resulting curve fits well the ekmental
data with a real temperature, 7= 2737 K. This temperature is slightly higher thiuat
reported by Benz (2713 K) and the value recommemadedcent literature reviews for YC

(2700 KY¥, but still within the experimental uncertainty.
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Figure 13: Thermogram recorded at 0.65 pm during daser heating / cooling cycle on a UCsample.
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the pyrometer wavelength. Data are fitted using themissivity of solid UC. The agreement is good irhé

VIS-NIR range, but the emissivity appears to be higer in the UV at 0.215 pm.
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The assumption that spectral emissivity behavest @oes in solid UC appears
therefore reasonable. In order to check the discrep with previous data, however, the
freezing point of U@ has been measured also by UV pyrometry at 0.215Tjn@ resulting
thermogram is displayed in Figure 15. The radiameelting temperature of UCis
(2710 = 15) K. Unfortunately, only one UV pyrometneasurement was successful on,UC
S0 no real statistics is available for this composi The reported error indicates only the
uncertainty in locating the exact melting / fregztemperature in the thermogram of figure
15. The value, 2710 K, is a lower bound for thel maalting point of UG, being this a
radiance temperature. This point has been addéukeidiagram of Figure 14, and it can be
noticed that it is below the inverse radiance temjpee trend extrapolated from the visible
range. In fact, if the solidification temperatwmaue obtained in the VIS/IR range using the
emissivity of stoichiometric UC is retained (2737, Khe corresponding emissivity at
0.215 um can be calculated through Equation (5y@bwgieldinge,15= 0.78. This value is
higher than the one predicted by equations (3)(dhdor solid and liquid UC, which should
both range, at 0.215 um, around 0.65. Assuming tiat discrepancy is not due to the
experimental uncertainty only, one should therefadeit that the spectral emissivity of
freezing UG considerably increases in the UV range. This apsiom is obviously to be
deepened and proven in further research. In cooclushe value 2737 K can be retained,

although with a larger uncertainty than reportadd@.
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Figure 15: Radiance temperature thermogram recordedn a UG, sample (640 ppm @) at 0.215 um.
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Another point that can be highlighted is the albsenf any evident emissivity change
upon melting in UG Unlike the case of UC + 3500 ppm,@he slight liquid supercooling
upon freezing visible in Figure 13 is not paralkley any similar temperature gap upon
melting, and cannot be attributed to an emissistitgnge. On the other hand, radiance spectra
of supercooled liquid Ugare fairly well fitted by using the emissivity sblid UC (Equation
(3)), andnot with the expression obtained fbquid UC (Equation (4)). One can therefore
conclude that in the case of Y@ith oxygen impurity concentration < 1500 ppm theeem
to be no gap between the optical spectral emigssvitf solid and liquid. Since such a gap
was hardly observed also in low-oxygen contaminadi€tl samples (see Figure 17 in the
following section), it seems reasonable to attebilis gap more to the high oxygen content
than to the C/U ratio. This is not necessarily isadreement with the results of Bober et al.
who reported 3500 ppm of oxygen impurities in thei€ sample. This hypothesis is
confirmed by other similar experiments carried ontother samples with different C/U and
oxygen impurity content < 1000 ppm. It should hoerele noted, that a slight inflection is
always visible upon melting, which could be atttdmito a minor emissivity discontinuity
between solid and liquid, but it can not be obserieg the current uncertainty in radiance
spectra fitting.

A last interesting point of this study concerns #missivity of solid fc@-UC; in the
proximity of and during th@ - o transition. An additional difficulty in the optitanalysis of
this transition is that the solid sample surfacenca be rigorously considered as optically
smooth (unlike the freezing liquid), and the raidiatspectra fitting can therefore be affected
by uncontrolled morphological changes and irregulamghness. Nonetheless, figure 16
shows that even spectra of inverse radiance tertypensecorded in the UV-VIS-NIR domain
during thep - a UGC; transition can be reasonably well fitted usingnfala (3) above, and
resulting in a transition temperature of 2059 Kextellent agreement with literature values.
This phase transition could not be detected with py¥ometry, because its temperature is
below the detection limit of our detector. An urtegrty of +20 K seems reasonably

conservative for this value, to take into accouethypothesis on emissivity.
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Figure 16: The inversef - a transition radiance temperatures measured on a UCsample as a function of

the pyrometer wavelength. Data are fitted using themissivity of solid UC.

a.3) Experimental highlights

In conclusion, the results of the current study lsarsummarized in the following points.

1. The melting temperature of stoichiometric UC is§@% 30) K, and can be taken as a
high temperature reference for the U-C system. diin@r bands take into account a

possible oxygen impurity effect.

2. The emissivity of solid UC decreases with incregsiravelength in the UV-VIS NIR

domain, as expected for a metallic material.

3. The emissivity of liquid UC appears to be lowerrthiae emissivity of the solid. The
gap measured in the VIS-IR range amounts to apmprabely -15% for a solid
emissivity of about 0.53. This gap, measured in@ sample with 3500 ppm of
oxygen impurities, seems to decrease and tendsansly with decreasing oxygen
content and, probably, with increasing C/U ratio.

4. The trend measured for the optical spectral emtgsof solid UC can be reasonably

extended to fc@-UC; and to the entire high temperature UC — & solid solution.
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The error induced by this assumption appears toleh smaller than the uncertainty
affecting the available literature data.

5. With this assumption on the spectral optical emigsithe melting point of Ugis
recommended at (2737 * 40) K, where the larger mmicety is related to the lack of

experimental data.

6. Within the same assumptions, {he o UG, transition temperature is recommended to
occur at (2056 + 20) K, where the large relativeartainty is mostly related to the

current assumption on emissivity.

7. The optical spectral emissivity of J®as been observed to considerably increase in
the UV spectral range compared with the emissityC, which seems to follow the

same trend established in the VIS — NIR domain.

These conclusions will be taken as the startinghtpéor the investigation of several
compositions in the U-C system, dealt with in tbiofwving section.

b) Investigation of the high temperature phase diagm U-C

All the thermograms reported for the study of th&€ phase diagram, recorded with
the 652 nm pyrometer are presented as true teroperass. time, whereby the true
temperature is obtained from the radiance temperdahlwough Wien's formula, equation (8)
in chapter 2. Here the value of emissivity at 682 is considered to be constant and equal to

0.53, based on the conclusions of the previousosect

Through the different experiments, and for all positions, pronounced thermal
arrests have been observed corresponding to thiesplid and solid-solid phase transitions.
Plateaus slightly decreasing in temperature, peyfdworizontal or slightly affected by
undercooling have been recorded in the differerstesa The same method explained in
Chapter 3 for the interpretation of thermal arrestexide samples has been applied here to
the study of carbides, in order to have a condist&ploitation of the thermograms. The
comparison of all plateaus from each compositicth thie RLS has permitted to establish the

thermal arrest temperatures case by case, as fgdserthe following paragraphs.
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Figure 17 shows thermograms obtained during thiinmgeof nearly stoichiometric
UC (C/U = 1.02+ 0.02) with 1650 ppm of § using two different laser heating profiles, one
high and fast (pulse 1, with maximum power of 1280over 20 ms), the other lower but
longer (pulse 2, with maximum power of 750 W overrs). In both cases the samples are
heated well above the reported melting tempera2r80 K). With pulse 1, the maximum
temperature reached is 3500 K and 3150 K usingep2IsOn cooling very clear thermal
arrests are observed at 2756 K and 2757 K for pdlssnd 2 respectively. The noise observed
around the highest temperature is believed to letdwiscous movements on the sample
surface. By reducing the maximum temperature, tluise is removed, as shown by the
thermogram corresponding to pulse 2. The curveairmdd do not show further inflections
during cooling, indicating that UC freezes congtiierand undergoes no phase changes
below the melting temperature. No emissivity changen melting can be deduced from the
thermograms recorded on these samples, unlike #se ©f higher-oxygen containing

specimens as the one of figure 8.

A sample with C/U = 0.8 was also investigatedprider to perform at least one check
on a hypo-stoichiometric sample. The liquidus terapee of (2712 30) K obtained in this
case with the same emissivity accepted for stombitdc UC is in good agreement with the
values reported in the literature. Also a seconftedtion was detected at much lower
temperature (around 1400 K), near the pyrometerectien limits. This certainly
corresponded to the solidification point of metalliranium, in agreement with the phase
diagram reported in figure 5 of Chapter 1. Theod@as used as a reference in EPMA

micrographs, as explained below.
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Figure 17: Thermograms obtained on UC with two diférent laser profiles.

In samples with ratio C/U=1.3 to 2.1 the phasanditions observed in the
thermograms were more complex than the previous.ohiee RLS method helped then to
distinguish them. Alignment of the Ataser was realized by maximizing the reflectedhalg
after screening all the parasite reflections. FegdB shows the curves obtained during
melting/freezing of a specimen with C/U = 1.5. Ifliatinct liquidus and solidus exist for this
and the neighbouring compositions, they are clas# ot distinguishable in the current
experiments. A high-power laser heating profile waplied (1 kW, 40 ms). The maximum
temperature reached (3300 K) is well over the etgquemelting temperature for this sample
composition. On cooling a clear thermal arresthisesved at 2656 K and corresponds well to
the end of the vibrations in the RLS. Within thgesmental uncertainty, this is the lowest

solidification point observed in the investigatedCLtomposition range.

A further inflection is also observed at lower f@mrature, underlined by the RLS at
approximately 2019 K. This second thermal arredikisly to correspond to a solid-solid
transition. It is not observed every time for tlmnpositions varying between C/U = 1.3 and
1.5 and therefore it was not taken into accourth@nfinal results. In the worst case, it could
correspond to the onset of segregation phenomenagdthe complex freezing process,
leading to the formation of zones richer in C.
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Figure 18: Thermogram obtained on a uranium carbonsample with C/U = 1.5.

As an example of heating cycles on samples with /1.5, Figures 19 and 20 show
the results obtained with a series of seven meamnts realised on a C/U = 1.9 sample. The
laser pulses duration was modified from hundredstanene sec, identified by the labels
"fast” and "slow" in figure 20. For the samplestwit/U > 1.5, the second thermal arrest is
much more pronounced and perfectly identified by LS. The really good reproducibility
of the two thermal arrests highlights the good dleaimand mechanical stability of these
samples at high temperatures. Degradation of thgpleasurface, oxidation or non congruent
evaporation would have impacted on the phase trandemperature over successive shots.
For C/U = 1.9 the solidification temperature seems to remedmstant at different
compositions, within the experimental uncertainfhis suggests that the common value of
the solidification temperature can correspond ®dhtectic temperature for the systemyUC
C. Phase diagram optimization (CALPHAD) of the Usgstem shows however that these
temperatures could alternatively correspond tolith@dus transition (see figure 23 below).
Unfortunately, samples with C/U > 2.1 could notsuecessfully fabricated with the current

method, so a more sound corroboration of this tesigft to further research in this field.
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Figure 20: Plateaus of liquid-solid and solid-satli phase transitions obtained during 7 different

measurements performed on one uranium carbon sampleith C/U = 1.9 and 650 ppm of Q@

A series of post-heating cycle characterizatioas werformed to determine without

any doubt the origin of the second thermal arrest

The molten part of a sample with C/U=1.9, couldseparated from the rest of the
specimen and analysed by X-Ray diffraction (XR)eTwo diffractograms in figure 21, the
first taken on a fresh specimen (red curve) andéwend on a molten and refrozen one (blue
curve), looked very similar. This rules out thepbthesis that the second observed thermal
arrest may correspond to an oxidation in which cadditional oxide peaks would have
appeared in the XRD.
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Figure 21: X-ray diffractogram from fresh and melted samples with C/U = 1.9.

As explained before, samples with C/U>1 displagedixture of UC and ULphases
both after arc-melting preparation and laser hgatycles. It is important to mention again
that it was never possible to quench the high teatpee structure of UL (B-UC,.), not
even if the sample reached room temperature with fast cooling rates. This was confirmed
by XRD and electron microprobe (EPMA) analysesmentioned, XRD clearly showed that
the quenched UG phase was tetragonal-UCy,), i.e. the low-temperature phase and not the
cubic high-temperature phase. EPMA pictures aresgmted in figures 22 a and b,
corresponding to samples with C/U = 0.8 and 1.peesvely. Figure 22.a shows well formed
stoichiometric UC grains with U-metal richer graooundaries (brighter zones). In this
picture, the grain bulk can be taken as a visuareace of stoichiometric UC. Figure 22.b
shows that for C/U=1.7, instead, the UC phasecasered with UG needles in a
Widmanstatten structure. These needles were mokaply formed by an epitaxial growth of
a-UC; on UC™,
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Figure 22.a: Electron microprobe picture of Figure 22.b: Electron microprobe picture of
C/U=0.8. C/lu=17.

These different analyses seem therefore to corthiahthe observed solid-solid phase
transition should be attributed to tifleUC, to a-UC; transition. This cubic-to-tetragonal
transition occurs without any atomic diffusfdphowever with an important lattice distortion,
and can therefore be considered as martensitiordiag to the definition given in references
44 and 45. The current investigation confirms tleure of this transition: despite its
diffusionless nature, it actually occurs with armportant release of latent heat (which can be
attributed to strain energy) and at the same tinth extremely rapid kinetics. This latter
point is also typical of martensitic transitionshish are known to proceed very rapidly, at
speeds approaching the velocity of sound in theerizdf. The velocity of soundsof -UC,
can only be estimated from mechanic propertieslasai for cubic UC and tetragonal LIC

namely from the bulk modulus B and the denpigccording to the formufa

(5)

The densities and bulk moduli reported in the ditere for UC andi-UC; are, respectively:
puc(extrapolated at 2100 K)L3gdm™; Byc = 158 GPapqp-uco(extrapolated at 2100 K10.7
gém?® and B.ucz = 216 GP#¥. The speed of sound for these compounds can thus b

calculated to be:

Csuc 2105 3.48610° mis? (6)
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Csaruc2 210= 4.4910° mis*? (7)

It is thus reasonable to assume that the velatigound in cubi@-UC, undergoing
the p-a martensitic transition is of the order dil@ mis™. Considering that the heated/cooled
specimen can be approximated with a disc of 5 maidameter and several tens of microns in
depth, according to the reported estimation thesition is expected to occur in only a few
microseconds. For this reason even cooling ratesewéral hundreds thousands dEKare
not sufficient to quench thg-UC, phase. Yet, a clear thermal arrest of severalsaedbnds is
well observable in the current experiments, whielinss to indicate that the phase transition
proceeds in the material with an effective speeithvis about 1dtimes lower than the speed
of sound in the material. This observation can $eful for a deeper analysis of the a-UC,
transition, to be developed with further researcbthods. For example, the presence of
impurities (especially oxygen), large thermal geads and a varying morphology in two-
phased samples can slow the transition rate. Haw\ahould be proven by further research
whether these effects are sufficient to justify tieserved duration of tHe- a-UC, thermal

arrest.

c) Accuracy analysis

Like in the case of oxides, the total uncertairffgcing the current experimental data

points can be evaluated according to the law cépetident error propagation:

Eror = t\/ZT 8)

Three main uncertainty sources have been identifiethe current phase transition point
determination: the assumed spectral emissivitjhefdample at the operating wavelength of
the pyrometer, the temperature calibration anddaneom data point dispersion. Substituting
the numerical values obtained for these uncer&gngoint by point and composition by
composition yielded the error bars reported in €aBl and in figure 23 below. The
composition uncertainty bands are based on thertancges reported for the ELTRA®

measurements.
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1.3  Summary of results on the uranium - carbon system

Approximately 200 laser heating experiments hawenb carried out for the
determination of the uranium carbide behaviourigh temperature (1400 K T < 3500 K),
and finally 81 thermograms were selected based hen duality of the sample and

thermograms.
Number of Liquid — solid | Uncertainties Solid-solid Uncertainties
e thermograms | transition / K /K Transition / K /K
0.80 2 2712 30
1.02 10 2760 31
1.27 9 2679 29
1.39 8 2657 28
1.48 14 2656 29
1.54 7 2675 29 2072 19
1.65 5 2694 31 2069 18
1.70 11 2705 30 2053 19
1.88 7 2728 30 2039 18
2.02 3 2727 32
2.06 6 2734 32 2071 19

Table 3: Value of the liquid-solid and solid-solidphase transitions based on a spectral emissivity 6f53 at

the operating wavelength of the pyrometer.

The experiments performed in the current projeavehpermitted to assess the
melting/freezing temperatures of uranium carbidesh W.8<U/C<2.1, and also the
temperatures of th - a solid-solid phase transition when applicable. Feg@3 shows a
summary of these different results superimposethéophase diagram U-C evaluated using
the CALPHAD method based on available literatureadander metastable conditions, i.e.
ignoring the formation of &C; (as already proposed by Laugier and Bi)nmirhis phase was
actually never observed in the current samplesthaeiafter arc melting and furnace
annealing, nor after fast laser melting and quenght is therefore reasonable to assume that
the current experimental observations corresponthéanetastable phase diagram, as could

be expected from the high cooling rates producdberexperiments.
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Figure 23: The metastable uranium - carbon phase dgram compared to the current data points.

All results are in fair agreement with the caltethphase diagram, considering the
wide scatter of data presented in the literatutee $olidus and liquidus temperatures could
never be clearly distinguished, implying that theefenergy curves of the two phases must be
very close in the range investigated. This seriepants is currently being used for an

improved re-assessment of the high temperaturewmancarbon phase diagram.

2  The plutonium carbon phase diagram

Much less information is available for the plutemi - carbon system than for the
uranium carbon system. For the sample synthesismaiting is a suitable technique. The
elements react quickly together and form a denskid=m button which, compared to the
powder obtained with metallurgic techniques, istieely immune to atmospheric corrosion
It has however been experienced that(Bsamples as well as those with higher C/Pu ratio
are fragile and easily break during cooling. Expemntal data are principally available for
low temperature and C/Pu<l. Thus, Stdtmepresented the high temperatures phase

boundaries in dash lines only. The phase diagrdculated by Fisché? does not seem to fit
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correctly the experimental data of Red%is' for the liquidus temperatures. This author was
the only one to perform, four decades ago, highpssature measurements on plutonium
carbide samples with a differential thermal analympparatu’s. In that research, the sample
was contained in graphite crucibles covered byaplgte lid in which a 1mm diameter hole
was drilled. It was then heated by induction agtitiemerging from the hole was focused on
a photosensitive diode while light from a tungstesat shield was focused on another
photodiode. In parallel the sample temperature massured with an optical pyrometer.
Differential thermal analysis was thus obtainedcbynparison of the signals yielded by the
two photodiodes. It should be noted that this mettmuld be affected by large uncertainty in
the measurement of absolute temperature wheneaekdudy conditions were not met in the
hole where the photodiode was focused, and paatigulpon formation of liquid inside the

hole.

The goal of the present work in this context waslhteck the applicability of fast laser
heating to plutonium carbides and provide new datents for the assessment of the
plutonium - carbon phase diagram. This is alsagportant starting point for the study of the

ternary uranium - plutonium - carbon system.

2.1  Experimental methods

a) Sample preparation

Two samples, Pufss and PyCs, were prepared by arc melting using high vacuum
(10°-10°mbar) and Ar-gas bottle 6N. The hypostoichiometrionocarbide was easily
synthesised and re-melted a few times under the&r&to ensure good homogeneity, whereas
the sesquicarbide was really fragile and duringthiel melting it broke into two parts. The
resulting "buttons™ were cut into disks in the saway as for the uranium carbide samples
described above. Buttons were stored in vacuunrédfeing cut and shortly after subject to
the laser heating cycles. This procedure, aimediaitmizing the sample oxidation, was less
effective for Pu-carbides than it was for U-carlsid€he carbon content was measured with
the fusion extraction — infrared determination (RA' ®) method described in chapter 2, but
unfortunately it was not possible to measure thgger content with the current equipment.
In the case of the PuC sample, the measured cotignosorresponded to the initial mass of
carbon and plutonium weighed, yielding an atomicor&/Pu = 0.84. For RBQC3, it was not
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possible to measure immediately the sample andtddablp dry atmosphere of the glovebox it
oxidised rapidly, thus small pieces crumbled intavger. The carbon measurements were
thus unsuccessful. All these experimental diffieslt in addition to the limited availability of
metallic plutonium for the sample preparation, gareidea of how awkward it is to produce

experimental data for the system Pu-C.

b) Sample analysis

Some pieces of the Ppgs sample were ground and embedded for XRD analy$es.
diffractogram obtained confirmed the monocarbideCN#&e structure of this compound.
However, non-negligible oxidation occurred withideav days. Figure 24 is a comparison of
the results obtained on PuC eight and forty twosdafyer preparation. Despite the storage
under high vacuum the powder was oxidised. The petaEnsity decreased and a second
phase corresponding to Pu@ppeared indicating the oxidation state of thepdaniNo X-ray
diffraction data on PiaC; could be obtained in this study. This compoundesy reactive to
water vapour. Under a standard nitrogen atmospbied®00 ppm (@ + H0) it displayed
excessive surface corrosion within a few minutegtir®@al condition to perform XRD

analyses on such powder could therefore not bees$or this work.

after 8 days
after 42 days

C_PuC
c O_PuO,

10000 1 c

Intensity / Arb. unit

20/ °

Figure 24: Comparison between the XRD pattern of th current PuC0.84 sample eight (black line) and

forty-two (red line) days after preparation.
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2.2

a)

PuC

High temperature measurements via laser heating

Two disks, named A and B, were used to perfornmtingeimeasurements of Ppigs.

The laser heating cycles were performed under Ar.atbar with a laser spot of about

5 mm in diameter.

An emissivity analysis similar to the one perfodre the case of stoichiometric UC

was performed here for Pygi In this case, however the lower temperature dued t

poorer sample stability resulted in a larger uraety. A "slow" heating cycle was
performed with a heating laser pulse lasting 1.2% ®rder to obtain exploitable signals

with the VIS-NIR multichannel pyrometer previousiescribed. To this purpose, an
integrating time of 12 ms was used. The resultihgrrhogram, recorded by the

photodiode at 649.4 nm with a tentative emissigit®.5, is reported in figure 25.

Temperature / K

PUC0.84
2200
P
’a . .
| S Liquidus
2100 o | 1976K o
> ! Peritectic
2000- / ' 1900 K
e =
g "o Solidus
1900 f Mamb, 27 1878K
0/ Ry ‘af\.%
/ .0\
a/ g‘“ﬂ
18007 i
i SR
500 1000 1500 2000
time / ms

Figure 25: "Slow" thermogram recorded on a PuCO0,84sample by the 650 nm photodiode of the

multi-channel VIS-NIR pyrometer with a tentative €550=0.5.

Probably, this experiment was affected by oxidatad the sample because of the
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longer dwelling time at high temperature. In aduhitithe multi-channel pyrometer signal
is characterized by a poor signal / noise ratitattemperature, whereby increasing the
integrating time yields a larger signal, but alsopéfies the background noise. These
factors should be taken into account as importardr esources difficult to quantify.
Nonetheless, clear thermal arrests are visiblberthermogram of figure 25. The first, on
cooling, certainly corresponds to the liquidus poand the last inflection to the solidus.
This latter is expected to be slightly lower th&e fperitectic temperature, because the
exact peritectic composition is slightly more ehad in C, as in the phase diagram
reported in Figure 6 of Chapter 1. This transitidoes not correspond, for this
composition, to a complete disappearance of thedighase. The associated latent heat
released on cooling is therefore relatively smafid for this reason the peritectic is
difficult to detect by the current thermal analysionetheless, an arrest can be observed
in this slow experiment, as indicated in figurel#dween the liquidus and the solidus, and
it must therefore correspond to the peritectic digon. Since the corresponding
temperature has been determined by a few authdheihiterature, this can be taken as a

reference for an evaluation of the emissivity oCPu

The peritectic line of PuG can be assumed to occur at (12020) K, according to
the review of Fishéf and the last data of ReaVisBy imposing this temperature to the
experimental radiance spectra corresponding tcatisemed peritectic thermal arrest in
figure 25, the emissivity trend shown in figurei2@btained for Pu§zs Here, the dotted
lines defining the uncertainty band correspondhe #20 K uncertainty band on the

assumed peritectic temperature. The resulting éntisyswavelength trend is:
ex(PuG g)= 0.85218-0.81368+0.4169K° (9)
It can be noted, that the actual spectral emigsigit 650 nm is very close to 0.5

(€650=0.505). This value can therefore be retained dather pyrometric measurements in

the same wavelength range.
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Figure 26: The measured wavelength dependence ofetloptical spectral emissivity of Pugg, around

the peritectic transition, assumed to occur at (19D+ 20) K.

A first check of the obtained emissivity vs wavejth dependence was carried out by
using expression (9) to fit the inverse radianceperatures recorded at several
wavelengths during the liquidus and solidus arraéstdigure 25, compared with the
peritectic inverse temperature curve. Results &iegl in figure 27. It seems confirmed
that equation (9) can be reasonably used to egtithatemissivity of solid and liquid PuC
in the vicinity of the co-existence temperatureganThe emissivity obtained with this
analysis was therefore used to obtain the real @eatyre curves in the faster heating
cycles on Pugzs, described in the next paragraphs. Faster expetsmeare obviously
aimed at minimising the sample degradation at h&ghperature, and particularly its

oxidation.
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Figure 27: The inverse liquidus, peritectic and sadlus radiance temperatures measured on a Pufg,

sample as a function of the pyrometer wavelength

These fast experiments were performed on bothsdésknd B. In the first disk two
inflexions were observed with the fast pyromete6%2 nm: one around 1980 K and the
second at around 1880 K (figure 28).

PuC
1-x
2300 ~
2200 ~
4 1982 K
o 2100 ~
= 1 1883 K
©
S 2000
o
5
L 1900-
1800 +
T T T T T T T T T
1.0 1.2 1.4 1.6 1.8
time /s

Figure 28 : Thermogram recorded on a Pugg, sample, ath = 650 nm and withggso= 0.5.
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From the phase diagram, they correspond respctivehe liquidus and peritectic
temperatures of PuC. To confirm the origin of teemd one, a lower power laser pulse
was applied to sample B (figure 29). The maximumperature reached was slightly
higher than the liquidus and no molten mater wasenked on the sample. A thermal
arrest was still observed at 1894 K. Thus the lowesrmal arrest was perfectly
reproducible from the first laser shot without fangn any molten matter. This result
disproves that segregation phenomena could besatrtbin of the second thermal arrest
and thus reinforce the assumptions made on thestarrebserved in the "slow"
thermogram of figure 25. Moreover, the transitiemperatures proposed here correspond
fairly well to those obtained by Reaviwia differential temperature analysis and support

that PuG. presents a good resistance to the laser irradiatio

PuC

0.84
2100 -+

2000
1900 -

1800 -

Temperature / K

1700 +

0.9 1.0 1.1 1.2 1.3 14

time/s

Figure 29: Thermogram recorded on a Puggssample B, ath= 650 nm and withggso= 0.5.

After a first series of experiments had been peréa, the samples stayed inside the
autoclave under Ar and the day after new laseritgeaiycles were performed. In total, 22
thermograms presented pronounced thermal arrégtse f30 presents the temperatures
obtained in all the heating cycles on both samp@leand B. The results are very
reproducible and they are not affected by the shafpéhe laser profile where the
maximum temperature was varied in a range of seéliaradreds K. However, the liquidus

temperatures obtained the second day were systaihatnigher. The oxidation of the
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plutonium carbides may increase the melting tempegahrough the formation of PyO
phase (1,(Pu®)=3017 K, see Chapter 3).

A Sample A A  Sample A
2040+ © Sample B ® Sample B
_- ® °
20201 - S oot 00 e 2010K
2000 N N
« 1 1980 K 4
X 1980{a R
o ]
S 1960
® ]
o 19404
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% 1920
— ]
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First day Second day

Figure 30: Liquidus and peritectic temperatures obained in repeated shots on Pugz, disks.

Blue data points: first day. Red data points: secahday.

XRD analyses were performed on the molten areaimdd during the laser
experiment and on the sample powder prepared frbm gample synthesis. Both
diffractograms resulted to be very similar, the kp&atensities being smaller for the one
performed after laser heating because of the veailsquantity of matter. The lap of time
before analyses (20 days) was long enough fordhgpkes to be oxidised. Results in figure
31 show peaks corresponding to Bwéich could be easily formed because of the ingart
active surface in both the case of the as-syntb@gswder or the detached molten area. No
second carbide phase was observed to be formedgdtilie melting measurement, but
because of the oxidation, it remained hardly pdsstbmeasure the cell parameter.
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Figure 31: XRD performed on PuG g,

b) PUng

Similar parameters were used for the melting nreasent of Pu sesquicarbide. The
PwCs; sample was much more fragile than Rgycand it quickly broke and fell apart under
laser irradiation. After different trials, the remiag pieces were too small to be mounted
between screws. A very small piece was therefareksn the ceramic glue already used for
some UC samples (see Chapter 2). The atmospheréhermpurged with an Ar-2%iHas
mixture and optics were mounted to have a 3 mnr lgat on the sample fragment only, in
order to avoid fast heating and dissociation ofdaeamic glue. Only one good thermogram
could be obtained under these conditions (Figure BBe vibrations observable at high
temperatures, already recorded in other cases] teutlue to vaporization or rapid movement
of the liquid mass. The thermogram shows pronouribedmal arrests with temperatures

comparable to those reported in the literature.
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Figure 32: Thermogram recorded on a Puggssample B, ath=650nnm and with&gs=0.5.

The same thermogram was recorded also with thé-ohannel VIS- NIR pyrometer
(Figure 33). This allowed a tentative study of thenissivity of solidifying PuCs,
corresponding to the second arrest observed inth#@nogram. To this purpose, since no
reference temperature could be assumed foCfuhe inverse PiCs liquidus radiance
temperature was fitted using equation (11) fordahessivity dependence on wavelength. This
yielded a zero-wavelength (true) temperatugguliudPWwCs) = 2325 K (Figure 34). It can be
seen in figure 34 that the fitting is not excelldnit also that the spectral signal / noise ratio i
very poor in this case. This is a consequence, gnather possible causes, of the high
cooling rate produced in this experiment (for whitte multi-channel pyrometer is not
suited), the sample contamination with the ceraghie etc. The high cooling rate and short
experiment duration can also explain the differenbetween the fast pyrometer and the
multichannel pyrometer thermograms in figure 33| Btappears that the assessed emissivity

trend can be employed in a first approximation eeeiPu sesquicarbide.
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Figure 33: Thermogram recorded on a PuC3; sample at 650 nm by fast pyrometry (solid line) ashby the
649 nm photodiode of the multi-channel pyrometer {he + red circles).
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Figure 34: The inverse liquidus, radiance temperattes measured on the P4C; sample as a function of the
pyrometer wavelength. Extrapolation to zero-wavelegth using equation (9) for the emissivity dependesec
onA.
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In conclusion, the liquidus point of pig has been observed in this work at
(2330« 40) K, whereas the peritectic arrest is still toxertain to be assigned an established

temperature.

Although this successful experiment showed thsilfd#étly of a laser heating study of
PwCs, it is obvious that large uncertainties still remdor example, the sample had to be left
in the glovebox during a full weekend, in order the glue to completely dry. During this
lapse of time, the specimen was probably partiakydised which could influence the
transitions temperatures, as already observed i@y & Moreover, the glue slightly melted
and interacted with the sample (as confirmed by SHM5, which revealed contamination of
the PyCs; with some wt % of Al) inducing an unquantifiabl#luence on the experimental
results. They are nonetheless in a reasonable mgrgewith those assessed from the

literature, as discussed in the following section.

2.3 Discussion

High temperature measurements on the plutoniuividies were realised by fast laser
heating. They led to a few new experimental datéhen plutonium-carbon phase diagram
(figure 35). They confirmed the peritectic temperatof PuC already proposed by Reavis in
a temperature range between 1890 and 1940 K. \éariaf T,, due to oxidation is certainly a
major factor of uncertainty. Reavis himself, on titber hand, reported performing heating
cycles lasting about 1 minute and "sacrificed tbeusacy of temperature measurements” to
minimise interactions with crucible. The resultdabed in this work on Pu sesquicarbide are
more preliminary since only one thermogram was @qible under the current experimental
conditions, which should still be optimised. Thegresnonetheless close to existing literature
data. Moreover, the tests performed here have lseful for the optimisation of the

experimental parameters in view of further investion.

In particular, the current laser heating technigae be applied to the analysis of the
Pu-C binary system in order to minimise the sandglgradation (reaction, oxidation) at high
temperature. Investigating more compositions in ridwege 0.67< C/Pu< 2+x will yield
important information concerning in particular:

1. The liquidus temperatures;
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2. The extension of the peritectic lines;

3. A more detailed study of the Pp€ C eutectic;

4. A study of thel » a PuG phase transition (so far detected only by Harpet.dy
high temperature XRD).

Some of these features occur at a relatively Ewperature (< 2500 K), which can in
principle be measured also by other methods thénabpyrometry (e.g.:thermocouples). In

these cases, a more detailed study of the sampdsigity will also be possible.
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Figure 35: The plutonium - carbon phase diagram comared to the current data points.
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Chapter 5. Conclusions

The main focus of the present PhD project has kbenmeasurement of high
temperature phase transitions occurring in actin@apounds employable as nuclear fuels of
the Fourth Generation. This study has mostly dedlit temperatures above 1800 K and often
up to more than 3000 K. Much effort has been puh& identification and solution of the
numerous difficulties connected with such extrerarditions. The main of such difficulties
have been the fast kinetics of oxidation/reductiand volatilization phenomena, the
interaction between sample and containment andethg@erature measurements themselves.
Concerning this last point, optical pyrometers #@re only thermometers available at such
high temperatures. These instruments allow accutatgerature measurements only if
blackbody conditions can be produced or the sdecoptical emissivity of the investigated
samples is known at the operational wavelengthsveder, in many cases neither of such
conditions is met in the materials investigatedtlie present work, hence requiring an
additional parallel investigation of optical propes. Because of all these factors, the
identification and quantification of experimentadcertainty sources has constituted another
challenging task of this work.

In this context, a recently developed approaclsetdaon laser heating, has been
applied to the study of various radioactive matsyigproducing a number of original
experimental data points.

In conclusion, the present work has lead to siggnitt progress both in the
instrumental development and in the comprehensfothe high temperature behaviour of

actinide materials, as summarized in the followpagagraphs.

1 Progress in the experimental method

The main advantage offered by the experimentahatetused in this work is the
possibility to perform extremely fast high-temperat measurements under containerless
conditions and controlled atmosphere. The heatyajes presented in this work last from
tens to hundreds milliseconds, compared to the teshor hours of traditional methods.
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Because of the extreme sample reactivity at vegi kemperature, the short duration of tests
constituted a valid way of limiting undesired dedgaon of the investigated materials. For the
same reason, another advantage of the current thetiio heat only a restricted area of the
sample surface, ensuring that no effective contbattveen the investigated area and the
sample containment occurred. This method has bé&ewrs for the first time, to be

particularly suited for pyrophoric carbides tha¢ @asily oxidised. Measurements were also
successfully performed on actinide dioxides, whielve a significant vapour pressure at the

temperature of melting.

Particular effort has been put in the improvement calibration and tests of
pyrometers. For example, the very high temperdtnearity and accuracy of the pyrometers
was checked by measuring the melting point of stechanaterials such as Mo, the ZrC-C
eutectic and W. In these tests, other possible siretk side effects have been taken into
account. In particular, the impact on the expentakeresults of occasional temperature
gradients across the investigated spot has beeluaged. Theoretical and experimental
investigations have been therefore undertaken @tititcollaboration with Polytech’Orléans
to quantify this effect. The main error source ire tcurrent measurements remains the
uncertainties in the determination of the sampkrspl emissivity. This optical property had
to be determined in the investigated materialsabse blackbody conditions could not be
produced while maintaining the containerless charaaf the current experimental method.
For this purpose, emissivity was studied by mubivelength pyrometry, whereby the
spectral domain ranged from the ultraviolet (215 torthe near infrared (915 nm). Although
this approach required the choice of secondaryswitis or temperature references, implying
an additional uncertainty source, it allowed theasgement of consistent and original data in

this difficult research domain.

Another difficulty of the current approach has melee particularly small quantity of
molten matter, about tens of milligrams, quite Evading to characterize after melting.
Nonetheless, satisfactory results have been olokdopeXRD and SEM — EDS, supporting the
consistency of the current high temperature phesmesition measurements. Besides these
traditional methods, more sensitive apparatus angewctly being developed for active
materials characterisation. Thus, for example,siratiance electron microscope and Raman

spectrometry could be added in future work in i@ research field.
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2  Material properties

Experimental data have been produced in this iarkhe high temperature behaviour
of two different types of compounds: oxides andhes.

Oxides are electrical and thermal insulators, yimgl limited conductive thermal
losses and high emissivity, which are two advargdgethe current high temperature studies.
On the other hand, these materials are charaatenizéigh oxygen potential and volatility at
the measurement temperatures. The current lasdnothainder containerless conditions
permitted to limit the vaporisation issue and prévexidation / reduction reactions between

sample and crucible.

A series of experiments was first performed onepuactinide oxides. Well
reproducible thermograms were recorded and highpeeature data thus obtained were
validated by post melting characterisations. Thdl wstablished melting point of UG,
(3130 = 20) K, was reproduced. On the other hahd, dongruent fusion/solidification
temperature measured in this research on stoichimm@uQ is significantly higher
compared to literature data. This melting point wsiablished at (3017 £ 28) K, 170 K above
the value reported in the most recently publishedessment. This difference must be
attributed to extensive reaction between samplecanthinment when using more traditional
furnace heating techniques. Moreover, the meltiegabiour of plutonium dioxide as a
function of the O/Pu ratio, which is still controsal, was also addressed. Preliminary
experiments were performed in this work under redyuconditions and it was observed that
the melting temperature of PuQdecreases with oxygen. However doubts still reroaithis
last point due to the difficulties in controllindi@é O/Pu ratio in experiments on non-
stoichiometric and non-congruently melting sampkésally, preliminary experiments were
performed on the melting point of NpDespite the still large uncertainties, due irs itase
to the limited availability of specimens, also thipO, melting temperature was determined to
be (3040 + 40) K, much higher than previous authors

The new melting point determined for Pui@posed a reinvestigation of the complete
UO,-PuQ, phase diagram at high temperature. More than sgimn control and emissivity
determination, the main difficulty of this study th Pu mixed oxides (MOX) was the control
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of oxygen, uranium and plutonium distribution ire toresence of temperature gradients. This
issue essentially originates from the fact that £h&s a much higher oxygen potential than
UQO,. Segregation and formation of secondary phases Veited as much as possible by
annealing samples under a suited gas flux pritihedaser heating cycles, and by optimizing
the experimental parameters during the melting tponeasurements. Despite the large
uncertainties, it is possible to determine the ganendency of the melting point across the
MOX compositions. The fusion/solidification pointeeasured in this work are in fair
agreement with older data for samples with low Pa@ntent (< 50 %). It was observed,
however, that for higher plutonium contents theds™ and liquidus lines are likely to slightly
differ from those of an ideal solution, as previgugroposed in the literature. Instead, a
minimum melting temperature probably exists arotmelMOX with 50 % Pu@ This points
needs to be confirmed by further measurementsdditian an experimental apparatus aimed
at the determination of high temperature phasesitians of radioactive materials held under
an elevated buffer gas pressure is currently beavgloped at ITU. This facility will possibly
allow studying the melting behaviour of U, Pu MOXtlwa better control on the oxygen

behaviour.

The uranium-carbon and the plutonium-carbon systermare also investigated. The
metallic character of these compounds implies largeductive thermal losses and low
emissivity, often dependent on the wavelength. &hiesitures, in addition to their high
reactivity towards oxygen, constituted the mairficlifties in the study of these materials,
which were less affected by vaporisation and reaatiith the containment. Emissivity values
were measured in this work on UC andAJ@btaining data close to the very few existing in
the literature. Moreover, the obtained emissivigjues have been originally assessed as a
function of wavelength and oxygen impurities. Tlregre moreover shown to be usable also
for other non-stoichiometric samples with C/U rabetween 0.8 and 2.1. The melting
temperatures and some solid-solid phase transiodnhese uranium carbides were thus
determined with an uncertainty of approximately RO The current values are in fair
agreement with recently optimized phase diagramewsg that the current experimental
approach reproduces data obtained with more toaditimethods in samples not too volatile

or reactive towards the containment.

Very few experimental information exist for the-Busystem at high temperature. The

high oxidation rate of these materials makes ttiegaracterisation very difficult. However, the
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first attempts performed in this work brought reesde values and demonstrated the
suitability of the current method for melting measuents of plutonium carbides.

3 Impact of the current result

The results obtained in this work on the meltilognp of different actinide oxides and
carbides are summarized in figure 1, where theyal® compared with previously existing
data. Results on carbides corroborate, within tkeeemental uncertainty, the literature
values, and reinforce them because they have bé#mined with a totally different
experimental approach. In some cases, moreovecutient data have a better precision than
the previous ones. On the other hand, the impoddfdrences between current and older
melting point data on plutonium and neptunium dies cast doubts on the validity of high
temperature studies on actinide oxides, and, inem@én highly reactive materials by
“traditional” furnace heating methods. In this resp the current research can be seen as the
stimulance for a reinvestigation of the melting d@&bur of many refractory materials. In
particular, the melting point trend for the actmidioxide need revisiting in future research,
yielding important information also at a more furckntal level of actinide science. For
example, the new results show a much less steegigarwith atomic number in the dioxides
of the transuranic elements. The existing data essiggn almost linear decrease with atomic
number, whereas the new data suggest a "saturatmbé confirmed by further research on

the trans-plutonium element compounds.

From a more technological viewpoint, the new rssah the U-Pu-O systems at high
temperature could have a concrete impact on theeauéuel design. All the experimental
information produced in this work will be integrdten nuclear fuel data bases and used for
the thermodynamic optimization of phase diagrams.
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Figure 1: Melting point of actinide oxides and mona:arbides.
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Franck DE BRUYCKER

Transitions de phases a hautes températures de comb  ustibles
nucléaires de quatrieme génération

Il est important de bien connaitre le comportement des combustibles nucléaires dans des conditions
extrémes afin d'assurer la sureté des réacteurs et de prévoir les conséquences d'un éventuel
accident. L’'objectif principal de cette thése est I'étude des transitions de phase a tres haute
température de matériaux envisagés pour les combustibles nucléaires de quatrieme génération. Dans
ce but, une méthode a été développée a l'institut européen des transuraniens (ITU) pour étudier ces
matériaux a des températures excédant 2500K. La technique utilisée consiste a chauffer I'échantillon
a l'aide d'un laser de haute puissance et a mesurer sa température par pyrométrie. Le signal d’'un
second laser réfléchi par la surface de I'échantillon est aussi étudié afin de mieux caractériser les
transitions de phase. Les avantages de cette technique résident dans la rapidité des expériences (de
quelques dizaines de ms a quelques secondes), et dans le contrdle de I'atmosphére, ce qui permet
de limiter les effets d’évaporation ou d’oxydation/réduction de I'échantillon. Il convient de signaler que
seule la partie centrale de I'échantillon est fondue, la phase liquide sondée est ainsi confinée au sein
de I'échantillon lui-méme, ce qui évite toute interaction avec le systéeme de fixation. Nos résultats sur
les carbures d’'uranium sont en accord avec ceux de la littérature, et ont permis d'affiner le calcul des
diagrammes de phase pour ces matériaux stables a haute température. La technique que nous avons
mise au point a été utilisée, pour la premiére fois, pour étudier des matériaux de haute activité. Des
résultats originaux ont été obtenus sur les systemes PuO,, NpO,, UO,-PuO, et Pu-C.

Mots clés : haute température, transition de phase, chauffage laser, pyrométrie, plutonium, uranium

High Temperature Phase Transitions in Nuclear Fuels of the Fourth Generation

Understanding the behaviour of nuclear materials in extreme conditions is of prime importance
for the analysis of the operation limits of nuclear fuels, and prediction of possible nuclear reactor
accidents, relevant to the general objectives of nuclear safety research. The main purpose of this
thesis is the study of high temperature phase transitions in nuclear materials, with special attention to
the candidate fuel materials for the reactors of the 4th Generation. In this framework, material
properties need to be investigated at temperatures higher than 2500K, where equilibrium conditions
are difficult to obtain. Laser heating combined with fast pyrometer is the method used at the European
Institute for Transuranium Elements (JRC — ITU). It is associated to a novel process used to determine
phase transitions, based on the detection, via a suited low-power (mW) probe laser, of changes in
surface reflectivity that may accompany solid/liquid phase transitions. Fast thermal cycles, from a few
ms up to the second, under almost container-free conditions and control atmosphere narrow the
problem of vaporisation and sample interactions usually meet with traditional method. This new
experimental approach has led to very interesting results. It confirmed earlier research for material
systems known to be stable at high temperature (such as U-C) and allowed a refinement of the
corresponding phase diagrams. But it was also feasible to apply this method to materials highly
reactive, thus original results are presented on PuO2, NpO2, UO2-PuO2 and Pu-C systems.

Keywords : High temperature, phase transition, laser heating, pyrometry, plutonium, uranium
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