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Abstract

The relevant physical properties and the chemical behaviour of homogeneous and heterogeneous diluents in PuO2

and PuN ®ssile materials are compiled and critically assessed. The out-of-pile properties of Al2O3, MgO, MgAl2O4,

CeO2, Ce2O3, Y2O3, ZrO2, CePO4, ZrSiO4, B4C, SiC, AlN, Mg3N2, Si3N4, CeN, YN and ZrN include, e.g. melting

point, vapour pressure and thermal conductivity; the chemical behaviour towards steel, liquid sodium, water, air and

nitric acid is reported. Promising diluents are AlN and ZrN, for which the dissolution behaviour in nitric acid was

quantitatively examined. Ó 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

Burning of ®ssile actinides in nuclear reactors re-

quires inactive materials which act as diluents in the

austenitic steel or Zircaloy clad fuel pins in order to

soften the high ®ssion density and consequently, the

high fuel temperatures. One concept of actinide burning

is the uranium free transmutation of long-lived isotopes

that avoids the use of uranium in any chemical state and

therefore, excludes continuous uranium±plutonium

conversion during the irradiation process. Homoge-

neous and heterogeneous diluents are considered which

form a solid solution with the fuel and a two-phase

microstructure, respectively.

The compilation and the critical assessment cover the

relevant physical properties and the chemical behaviour

of di�erent materials foreseen as homogeneous and

heterogeneous diluents in uranium free PuO2 and PuN

fuels for the actinide transmutation programme [1±3].

The phase equilibria of the solid solutions and the two-

phase materials of these pseudo-binary plutonium

compound±diluent systems are described in the respec-

tive phase diagram manuals. In the case of a two-phase

microstructure, the dispersed phase should be ideally the

plutonium containing phase with 5±50 lm grain size.

The compilation is focused on out-of-pile properties of

the diluents. The irradiation behaviour is left out of

consideration, e.g., activation, swelling or disintegration

of the materials. The selection and the use of diluents are

based on particular physical and chemical key properties

which determine the preparation potential, handling,

thermal stability during irradiation, reactions of defec-

tive pins with the coolant and the dissolution behaviour

in acids during reprocessing. Some diluents were pro-

posed before the knowledge of their unfavourable

properties became available. The data compiled in Sec-

tion 2 and in the Appendix A show that these diluents

should be eliminated.

Diluents must have high melting points; other ®rst

order transition points must not appear or should occur

at high temperatures only. Low vapour pressures and

high thermal conductivities are required which should be

lower and higher, respectively, than those of the fuels. A

good compatibility with the cladding and with the

coolant must be ensured, the material should be dis-

solvable in nitric acid. Fuels and heterogeneous diluents

have to be compatible, i.e., thermodynamic equilibrium

must exist, and in the case of eutectic systems, the eu-

tectic temperatures must be high enough that liquefac-

tion is avoided during the irradiation process. Fuels and

heterogeneous diluents should hold similar total vapour

pressures at given temperature. Otherwise, a redistribu-

tion and demixing could occur in the radial temperature

gradient of a fuel pin during irradiation resulting in the

recondensation of the phase with the highest vapour

pressure in the coldest pin region. A major problem is
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the assessment of the thermal conductivity of single-

phase and two-phase materials which is a sensitive key

property to structure and porosity. The following for-

mula is recommended for the thermal conductivity k of

two-phase materials where the dispersed phase d is em-

bedded in the continuous matrix phase m (kd and km are

the respective thermal conductivities and Vd is the vol-

ume fraction of the dispersed spherical phase) [4]

1ÿ Vd � kd� ÿ k� kd� ÿ km�ÿ1 km=k� �1=3: �1�
The formula can be applied up to about 30 vol% of

the dispersed phase. If the microstructure of the two-

phase materials is unknown, especially in the case of

equal volumes of both phases, the thermal conductivity

should be estimated using the arithmetical mean of the

thermal conductivities of the boundary phases. The

formula for the thermal conductivity of two-phase ma-

terials can be applied also for porosity corrections in

single-phase materials. If Vd is understood as the closed

spherical porosity P�06 P < 1� and kd of the pores is set

to zero, then Eq. (1) results in

k � km�1 ÿ P�3=2
; �2�

where km is the thermal conductivity of the 100% dense

material [4]. The thermal conductivity values of the fuels

and diluents given in the following tables and in Ap-

pendix A are to 100% theoretical density (th.d.) cor-

rected values using Eq. (2) where information on the

density of the specimens is available.

2. Pre-selection of diluents

Selected properties of oxides, carbides and nitrides

considered as homogeneous or heterogeneous diluents

are compiled in the respective tables of Appendix A.

These materials have adequate out-of-pile properties

with the exception of B4C, SiC, ZrSiO4, CePO4 and BN

where speci®c features rule out the use as diluents.

· The carbides B4C and SiC are of low thermodynamic

stability though they have high melting points. The

following Gibbs energies of formation at 727°C are

reported [5]: Df G°hB4Ci�ÿ61 kJ/mol, Df G°hSiCi�
ÿ64 kJ/mol, 4Df G°hFe2Bi�ÿ272 kJ/mol, Df G°
hFeSii�ÿ76 kJ/mol. In contrast with the Gibbs en-

ergies of formation of these phases are those of the

high-stability transition metal carbides, e.g.

Df G°hZrCi�ÿ188 kJ/mol [5]. Therefore, the pseu-

do-binary systems B4C±steel, SiC±steel and SiC±Zir-

caloy are not in thermodynamic equilibrium. The

following reactions, e.g. with iron and zirconium

are possible:

B4C� 8Fe! 4Fe2B� C �3�
(cf. [6,7])

SiC� Fe! FeSi� C �4�

(cf. [8,9])

SiC� 2Zr! ZrSi� ZrC �5�

�cf : �10; 11��:
Out-of-pile compatibility studies evidence strong re-

actions starting at about 700°C. This temperature can

be passed over in the respective PuO2±B4C, PuN±

B4C, PuO2±SiC and PuN±SiC mixtures adjacent to

the steel and Zircaloy claddings (hot spots).

· The phase ZrSiO4 decomposes into ZrO2 and SiO2 at

1676°C, it is formed eutectoidally at this temperature

[12].

· The phase CePO4 has a very low thermal conductiv-

ity k that increases unduly the pin centre temperature

[13].

· The phase 11BN has been also proposed as a hetero-

geneous diluent. Though the chemical behaviour is

tolerable, the vapour pressure is adverse: total va-

pour pressure at 2000°C: 5 ´ 10ÿ3 bar, no congruent

melting point, the phase decomposes at about

2300°C [5]. However, the thermal conductivity is fa-

vourable: k� 29 W/K m at 1000°C; k� 23 W/K m

at 1500°C; k� 21 W/K m at 2000°C [14].

3. Properties of PuO2 fuels and their diluents

Selected properties of PuO2 and PuO1:62 (oxygen

poor phase boundary of the fcc homogeneity range of

PuO2 above 690°C) are compiled in Table 1. Problems

of the chemical behaviour can arise with metals, liquid

sodium and nitric acid. The compatibility of PuO2 with

steel claddings is ensured at least up to 600°C. If aus-

tenitic steels are considered as heterogeneous diluents, it

is pointed out that the AISI 316 steel±PuO2 system is a

degenerate eutectic one with a eutectic temperature

Te� 1433°C. Metals with a high a�nity to oxygen (e.g.

chromium) reduce PuO2 into the hypostoichiometric

region of the homogeneity range which is linked with

metal oxide (chromium oxide) formation above 1000°C.

These results were deduced from the behaviour in the

AISI 316 steel±UO2 system [15]. PuO2 reacts readily

with sodium by the formation of Na4Pu2O5. However,

PuO1:62 is compatible with sodium [16]. PuO2 is not

dissolvable in nitric acid without catalysts [17].

If the two preconditions, compatibility of PuO2 with

sodium and high-rate dissolution of PuO2 in nitric acid,

have to be strictly ful®lled, this type of fuel would not at

all be quali®ed for transmutation experiments in sodium

cooled fast reactors. In the case of disregard for these

preconditions, the heterogeneous and homogeneous di-

luents Al2O3, MgO and MgAl2O4 as well as Ce2O3,

Y2O3 and stabilised ZrO2 (the latter one with
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restrictions) should be considered. The relevant out-of-

pile properties and the chemical behaviour of these di-

luents and the constitution of the pseudo-binary di-

luent±PuO2 systems are compiled in Appendix A.

4. Properties of PuN fuels and their diluents

PuN is a line compound and has a small homogeneity

range on the plutonium rich side above 2000°C. It de-

composes under 1 bar nitrogen at 2570°C into nitrogen

saturated liquid plutonium and nitrogen, under 0.01 bar

nitrogen already at 2300°C. No congruent melting was

observed up to 25 bar nitrogen. Higher plutonium nit-

rides do not exist. The nitrogen partial pressure of PuN

is only slightly higher than that of UN, whereas the

plutonium partial pressure is markedly higher than the

uranium partial pressure above UN. Liquid plutonium

is formed above 1500°C due to the incongruent evapo-

ration of PuN (low accommodation coe�cient). The

thermal conductivity of PuN is high, but about 50%

lower than that of UN. PuN is compatible with aus-

tenitic steels up to 600°C and above and with sodium up

to 890°C (boiling point of Na). The compound is dis-

solvable in HNO3 and more slowly in HCl. Some results

exist on the high rates of dissolution in di�erent inor-

ganic acids. The most important properties of PuN [27]

and for comparison of UN [28] are compiled in Table 2.

Numerous heterogeneous metallic and ceramic di-

luents as well as homogeneous diluents were proposed

for the PuN fuel. Table 3 reviews the phase behaviour of

suitable PuN±M systems with M�V, Cr, Mo, W, Fe,

Ni. The eutectic temperatures are decisive parameters

for the selection of the diluent. In order to keep the 14C

production as low as possible during irradiation, the use

of ceramic non-nitride diluents was proposed, e.g. 11B4C

Table 1

Selected properties of PuO2 and PuO1:62 relevant to the uranium free actinide transmutation programme

Property PuO2 PuO1:62

Melting point 2428°C [18] 2200°C [19]

Total vapour pressure at

1500°C 4 ´ 10ÿ10 bar [20] '10ÿ6 bar [20,25]

2000°C 3 ´ 10ÿ7 bar [20] '10ÿ4 bar [20,25]

Thermal conductivity at

1000°C 3.0 W/K m [21]

1500°C 2.6 W/K m [21]

2000°C 2.7 W/K m [21]

Chem. behaviour towards

Austenitic steel No reaction below 1000°C [22±24] No reaction below 1000°C [22±24]

Liquid sodium Incompatible (Na4Pu2O5 formation) [16] No reaction [16]

Water Oxide hydrate formation [26]

Nitric acid, 110°C Not dissolvable [17]

Table 2

Comparison of selected properties of UN with PuN relevant to the uranium free actinide transmutation programme [27,28]

Property UN PuN

Decomposition temperature under 1 bar N2 2780°C [29,35] 2570°C [37]

Congruent melting point under 3 bar N2 2830°C [30] Incongruent [38]

Nitrogen partial pressure at

1500°C 5 ´ 10ÿ9 bar [31] 2 ´ 10ÿ7 bar [39]

2000°C 3 ´ 10ÿ5 bar [31] 1 ´ 10ÿ4 bar [39]

Metal partial pressure at

1500°C 5 ´ 10ÿ10 bar [31] 1 ´ 10ÿ6 bar [39]

2000°C 1 ´ 10ÿ6 bar [31] 6 ´ 10ÿ4 bar [39]

Thermal conductivity at

1000°C 25 W/K m [32] 13 W/K m [40]

1500°C 27 W/K m [32] 14 W/K m [40]

2000°C 28 W/K m [32] 15 W/K m [40]

Chemical behaviour towards steels No reaction below 600°C [33] No reaction below 600°C [41]

Chemical behaviour towards liquid sodium No reaction [34] No reaction [41]

Reacts in boiling water to U3O8 [28,36] PuO2 [41]

Dissolvable in concentrated acids, 110°C In HNO3 [28] In HNO3 and HCI [42]
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and SiC. However, the risk of hot-spot formation in

these PuN±carbide mixtures adjacent to the steel clad-

ding is high; therefore, the use of these carbides should

be disregarded as explained in Section 2. TiN is not

recommended as a heterogeneous diluent for PuN be-

cause of the limited solubility of about 3 mol% TiN in

PuN at 2000°C (the data were derived from the corre-

sponding UN±TiN system [43]). The use of CrN cannot

be supported as Cr nitrides have high nitrogen partial

pressures, e.g. p(N2)� 1 bar for CrN at 1048°C [44].

Further, the use of VN and NbN is questionable because

± in the pseudo-binary UN±(V, Nb)N systems±ternary

nitrides are formed. The existence of ternary nitrides in

the PuN±(V, Nb)N systems has not yet been proved [45].

The application of Mg3N2 as heterogeneous diluent has

to be rejected due to its limited thermal stability [46].

The use of rare earth nitrides as homogeneous diluents

should be rated in the light of the extreme di�culties of

the preparation of oxygen poor nitrides [47,48]. The

most promising candidates as heterogeneous and ho-

mogeneous diluents in PuN are AlN and ZrN, respec-

tively. As the dissolution behaviour of these materials in

nitric acid has not yet been investigated the recent ex-

perimental results are communicated in Section 5. The

most important properties of the nitride diluents AlN,

Mg3N2, Si3N4, CeN, YN and ZrN are compiled in

Appendix A.

5. Dissolution experiments of AlN and ZrN in nitric acid

5.1. Materials

The AlN materials used for the dissolution experi-

ments in nitric acid were supplied by two manufacturers

in the form of dense sintered rods, which were cut into

cubes: (1) Elektroschmelzwerk Kempten (ESK),

Kempten, Germany. Impurities: oxygen: 3%; carbon:

0.06%; other metallic impurities: <0.5%; density: 94%

th.d. (2) Tokuyama Soda, Tokyo, Japan. Impurities:

oxygen: 0.3 %; carbon: 0.03 %; other metallic impuri-

ties:<0.2%; density: 93% th.d.

ZrN powder was supplied by the company H.C.

Starck, Goslar, Germany. Impurities: �0.1%; zirconi-

um: 87.6%; nitrogen: 12.3%; corresponding to the

composition ZrN0:91. The powder was hot-pressed in the

form of cylindrical pellets at two di�erent temperatures

which resulted in two geometric densities of 82% and

89% th.d., respectively.

Nitric acid p. a. in excess was used for the dissolution

experiments with mass ratios HNO3/solids of about 200.

This high mass ratio is necessary to avoid an in¯uence of

a high-concentrated solution on the dissolution kinetics,

e.g., an increase of the formal reaction order in the

progress of the dissolution process.

5.2. Results

5.2.1. AlN

The measured and weighed cubes with initial masses

typically of 0.25 g were incompletely dissolved in 7 M

HNO3 at boiling temperature (110°C) up to 21 h and

were weighed again. Each dissolution experiment was

started with fresh material. Only about 1% of the ESK

material was dissolved after 21 h. The kinetics followed

a parabolic time law after an incubation period up to

2 h. With the mass decrease m0ÿ m�Dm and the initial

geometric surface F0, the time law

�Dm=F0�2 � kt �6�
and the rate constant of dissolution k� 0.125 mg2/cm4 h

were obtained. The Tokuyama Soda material was nearly

completely dissolved after 15 h. This kinetics could be

approximated by a linear time law after an incubation

period up to 3 h which gives

Dm=F0 � kt; �7�
with k� 18 mg/cm2 h. The dissolution results of both

materials are graphically presented in Fig. 1 in the form

of log (Dm/F0) as a function of the dissolution time.

A high-dense white layer was observed on the

surface of partly dissolved Tokuyama Soda material.

X-ray microanalysis of this layer indicated AlN with

Table 3

Selected properties of heterogeneous metallic diluents of PuN relevant to the uranium free actinide transmutation programme

System Phase behaviour Melting point of the metal [52] Dissolution behaviour of the metal

in concentrated nitric acid [53]

PuN±V Eutectic, Te� 1270°C, xV;e� 0.61a 1910°C Low rate of dissolution

PuN±Cr Eutectic, Te� 1270°C, xCr;e� 0.62a 1907°C Cr passivates

PuN±Mo Eutectic, Te� 2400°Cb [49] 2623°C High rate of dissolution

PuN±W Eutectic, Te� 2700°Cb [49] 3422°C High rate of dissolution

PuN±Fe Eutectic, Te� 1430°Cb [50] 1538°C Fe passivates

PuN±Ni Eutectic possible, see [51] 1455°C Low rate of dissolution

a Calculated with the melting points and the enthalpies of melting of the phases.
b Eutectic temperatures of the corresponding UN±metal systems.
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small amounts of oxygen and carbon; X-ray di�raction

resulted in hexagonal AlN with the lattice parameters

a� 310.9 pm and c� 497.7 pm. The reason for the

large di�erence of the dissolution behaviour of the two

types of AlN is the high oxygen content of the ESK

material which had formed Al2O3 layers on the AlN

grain surfaces during the fabrication process. Pure

Al2O3 is not dissolvable in HNO3. The rate determining

step of the dissolution process of AlN is a grain

boundary di�usion controlled one in the Al2O3 layers.

On the other hand, the oxygen content in the Toku-

yama Soda material is low and is probably below the

oxygen solubility in AlN. Therefore, the concentration

of this impurity seems not to in¯uence the dissolution

behaviour of AlN.

5.2.2. ZrN

The measured and weighed cylindrical slabs with

initial masses between 0.3 and 0.6 g and sintering

densities of 82% and 89% th.d. were incompletely dis-

solved under the same conditions as AlN up to 34 h.

Only about 1.5% of the material with the higher density

was dissolved after this period. The kinetics could be

approximated by a linear time law given in Eq. (7) with

the rate constant of dissolution k� 0.17 mg/cm2 h for

ZrN with 89% th.d. and k� 0.9 mg/cm2 h for the

material with the lower sintering density of 82% th.d.

The dissolution results of ZrN with two di�erent

sintering densities are graphically presented in Fig. 2 in

the form of log (Dm/F0) as a function of the dissolution

time.

The dissolution process is subject to the rate laws of

the heterogeneous kinetics and is characterised in the

isothermal mode by a dissolution rate constant k which

indicates the mass loss m0ÿm�Dm per unit area F0 and

time t. The rate of the mass decrease of an unprotected

solid is only proportional to the contact area with the

solvent. Therefore, the dissolution process can be de-

scribed formally by a zero-order reaction

dm=dt � ÿkF0: �8�
Other in¯uences, e.g., porosity and sinter density of a

solid, are included in the rate constant of dissolution k.

In the case of ZrN, the low-density material has a higher

open porosity and a higher contact area with the solvent,

respectively, than 100% dense material and consequently

a larger dissolution rate constant. In conclusion, oxygen

poor AlN (93% th.d.) is easily dissolvable in 7M HNO3

with k� 18 mg/cm2 h; whereas ZrN (89% th.d.) is more

heavily dissolvable with k� 0.17 mg/cm2 h. However,

the porosity, i.e. the inner surface has a high in¯uence on

the rate of dissolution. For comparison with AlN and

ZrN, the following k values are given for other materials

dissolved under the same conditions: molybdenum,

k� 1030 mg/cm2 h; UO2, k� 100 mg/cm2 h; palladium,

k� 0.5 mg/cm2 h; PuO2, k� 10ÿ5 mg/cm2 h [54].

6. Conclusions

Homogeneous diluents reduce in general the thermal

conductivity of the fuel phase. On the other hand,

Fig. 1. Dissolution rate of two AlN materials (Tokuyama Soda

and Elektroschmelzwerk Kempten) in 7 M HNO3 at 110°C as a

function of time.

Fig. 2. Dissolution rate of ZrN (Dr. H.C. Starck) of two

sintering densities in 7 M HNO3 at 110°C as a function of time.
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heterogeneous diluents according to the level of their

thermal conductivity can increase the thermal conduc-

tivity of the two-phase material. Molybdenum and

tungsten as well as Al2O3, MgO, MgAl2O4 and with

restrictions stabilised ZrO2 are promising candidates.

Moreover, heterogeneous diluents are available with

total vapour pressures that are comparable to those of

the fuels. Higher vapour pressures may result in redis-

tribution e�ects during irradiation.

This study has demonstrated further the excellent

physical properties of AlN and ZrN: high melting

points, low vapour pressures, very high thermal con-

ductivities; good chemical behaviour towards the steel

cladding, sodium and nitric acid. Therefore, AlN and

ZrN are recommended as heterogeneous and homo-

geneous diluents, respectively, in PuN fuel. ZrN can

be considered also as diluent for PuO2 fuel because

these materials form a stable thermodynamic couple.

Probably some oxygen can be dissolved in ZrN

whereas PuO2 is reduced into its hypostoichiometric

region. The situation is not as clear for the PuO2±AlN

couple where the formation of PuN, Al2O3 and a third

phase is possible. Compatibility tests are therefore

necessary.

Appendix A. Physical properties and chemical behaviour

of homogeneous and heterogeneous diluents

The Al2O3±PuO2 system is eutectic: Te� 1910°C,

xe� 58 mol% Al2O3 [56±58]. The thermal conductivity

of 25 vol.% PuO2 in 75 vol.% Al2O3 was calculated

with Eq. (1) which gives for 100% th.d. material: k� 6.6

W/K m at 1000°C and k� 4.9 W/K m at 1500°C. The

Al2O3±PuO1:62 system is eutectic: Te� 1776°C, xe� 48

mol% Al2O3 [57,58]. The lowest melting in the ternary

Al2O3±MgO±PuO2 system starts at 1860°C [57,58].

The MgO±PuO2 system is eutectic: Te� 2260°C,

xe� 60 mol% MgO; 3 mol% PuO2 are soluble in MgO

[56±58]. The thermal conductivity of 25 vol.% PuO2 in

75 vol.% MgO was calculated with Eq. (1) which gives

for 100% th.d. material: k� 9.8 W/K m at 1000°C and

5.7 W/K m at 2000°C. The MgO±PuO1:62 system is eu-

tectic: Te� 2068°C, xe� 50 mol% MgO [57,58].

(1) Al2O3

Melting point 2054°C [55]

Total vapour pressure

at 1950°C

�10ÿ6 bar [53]

Thermal conductivity

at

500°C 13.3 W/K m [59]

1000°C 8.2 W/K m [59]

1500°C 5.8 W/K m [59]

Chemical behaviour

towards

Iron No reaction

below 900°C

[55]

Liquid sodium No reaction [60,61]

Water Bulk material

not dissolvable

[53]

Nitric acid Not dissolvable [53]

(3) MgAl2O4

Melting point 2105°C [55]

Thermal conductivity at

500°C 9.0 W/K m [59]

1000°C 7.7 W/K m [59]

1500°C �8 W/K m [59]

Chemical behaviour

towards liquid sodium

No reaction [61]

(4) CeO2

Melting point �2400°C [66]

Total vapour

pressure at

1500°C 2 ´ 10ÿ7 bar [67]

2000°C 6 ´ 10ÿ5 bar [67]

Thermal

conductivity at

1000°C 1.2 W/K m [14]

1500°C 0.9 W/K m [14]

2000°C 1.2 W/K m [14]

Chemical

behaviour towards

Austenitic steel No reaction below 650°C [68]

Liquid sodium Incompatible (NaCeO2

formation)

[68]

Water Not dissolvable [69]

Nitric acid Low rate of dissolution [70]

(2) MgO

Melting point 2827°C [55]

Total vapour

pressure at

1727°C

�10ÿ4 bar [5,62]

Thermal

conductivity at

500°C 20 W/K m [63]

1000°C 13 W/K m [63]

1500°C 6 W/K m [14]

2000°C 5 W/K m [14]

Chemical

behaviour towards

Iron No reaction below

1100°C

[64]

Liquid sodium No reaction [61,65]

Water Hydroxide formation [53]

Nitric acid Low rate of dissolution [53]
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The CeO2±PuO2 system is completely miscible in

the solid [71]. (Ce, Pu)O2 is incompatible with sodium

[72]. The congruent melting point of Ce2O3 is 2142°C

[66]. The thermal conductivity of Ce2O3 (hexagonal) is

not available. However, the following data were re-

ported, e.g. at 1000°C, for Sm2O3 (monoclinic): k� 1.3

W/K m; Er2O3 (cubic): k� 2.1 W/K m; Lu2O3 (cubic):

2.2 W/K m [73]. There is an extended solid solubility in

the Ce2O3±PuO2 system up to 50 mol% CeO1:5 in

PuO2. Ce2O3 and sodium are compatible [68]. A lim-

ited solid solubility of Ce2O3 exists in PuO1:62. The

(Ce, Pu)2O3 solid solution is compatible with sodium

[72].

An extended solid solubility of Y2O3 exists in the

Y2O3±PuO2 system up to about 90 mol% YO1:5 at

1500°C [79].

The ZrO2±PuO2 system is not completely miscible

due to the tetragonal structure of ZrO2 in the tempera-

ture range 1200±2300°C and the monoclinic structure

below 1200°C [84]. The transitions can be suppressed by

stabilisation of ZrO2 with CaO or Y2O3: Complete

miscibility of stabilised ZrO2 with PuO2 is expected. The

ZrO2±Y2O3 system forms an fcc solid solution above 15

wt% Y2O3 [85]. The thermal conductivity of ZrO2±15

wt% Y2O3 is 1.6 W/K m at 500°C, 1.7 W/K m at 1000°C

[76] and about 2 W/K m between room temperature and

1500°C [75].

(5) Y2O3

Melting point 2430°C [74]

Total vapour

pressure at 2000°C

2 ´ 10ÿ7 bar [75]

Thermal

conductivity at

500°C 4.1 W/K m [76]

1000°C 2.5 W/K m [76]

1500°C 2.9 W/K m [77]

2000°C �4 W/K m [77]

Chemical

behaviour towards

Refractory

metals

No reaction below

1500°C

[78]

Liquid sodium No reaction [60]

Water Slowly dissolvable [53]

Nitric acid Low rate of

dissolution

[53]

(6) ZrO2

Melting point 2710°C [74]

Total vapour

pressure at 2000°C

10ÿ8 bar [80]

Thermal

conductivity at

1000°C 2.2 W/K m [81]

1500°C 1.5 W/K m [14]

2000°C 1.8 W/K m [14]

Chemical

behaviour towards

Iron No reaction below

1200°C

[82]

Liquid sodium No reaction [61]

Nitric acid Not dissolvable [53,83]

(7) CePO4

Melting point 2045°C [86]

Thermal

conductivity at

500°C 1.8 W/K m [13]

1000°C �1.7 W/K m [87]

Chemical behaviour

towards water

Not dissolvable [87]

(8) ZrSiO4

Melting point None [12]

Eutectoidal formation 1676°C [12]

Thermal conductivity

at

500°C 5.4 W/K m [88]

1000°C 4.5 W/K m [88]

1500°C 4.2 W/K m [88]

(9) 11B4C

Homogeneity range 9±19 at.% C [89]

Melting point 2450°C

(�18 at.% C)

[74]

Total vapour

pressure at 2000°C

�0.5 bar [46]

Thermal conductivity

at

20°C 25 W/K m [90]

1000°C 15 W/K m [90]

1500°C �15 W/K m [90]

Chemical behaviour

towards

Austenitic steel No reaction

below 700°C

[67,90,91]

Liquid sodium No reaction [61,92]

Water Not dissolvable [92]

Nitric acid Not dissolvable [92]

Air Compatible

below 500°C

[90]
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The B4C±austenitic steel system is thermodynami-

cally unstable. (Fe, Cr)2B occurs at about 700°C which

forms a eutectic with austenitic steel at Te� 1226°C

[6,7,90].

The SiC±austenitic steel system is thermodynamically

unstable. Silicides form at about 700°C. The lowest

ternary eutectic in the Fe±Si±C system is located at

1200°C [8±11].

aThis study

There is no mutual solid solubility in the AlN±PuN

system.

(10) SiC

Melting point 2830°C (peritectic) [93]

Stable modi®cation Hex. a-SiC [93]

Silicon partial pressure

at 2000°C

1.0 ´ 10ÿ4 bar [94]

Total vapour pressure

at 2000°C

1.4 ´ 10ÿ4 bar [94]

Thermal conductivity

of

a-SiC at 1000°C 47 W/K m [95]

a-SiC at 1500°C 31 W/K m [95]

b-SiC at 1000°C 40 W/K m [95]

b-SiC at 1500°C 30 W/K m [95]

Chemical behaviour

towards

Austenitic steel Compatible below

700°C

[8±11]

Liquid sodium No reaction below

500°C

[96]

Water Compatible [53]

Nitric acid Not dissolvable [53]

Air Compatible below

1500°C

[97]

(12) Mg3N2

Melting point Incongruent [74]

Nitrogen partial

pressure at 1000°C

10ÿ8 bar [46]

Decomposes under 1

bar nitrogen

<1500°C [74]

Chemical behaviour

towards

Water Hydrolysis [53]

Nitric acid Dissolvable [53]

(11) AlN

Melting point Incongruent [98]

Nitrogen partial

pressure at 2000°C

10ÿ3 bar [46]

Total vapour pressure

at 2000°C

10ÿ1 bar [99]

Decomposes under 1

bar nitrogen

2417°C [98]

Thermal conductivity

at

500°C 62 W/K m [59]

1000°C 36 W/K m [59]

1500°C 27 W/K m [59]

Chemical behaviour

towards

Austenitic steel Compatible

below 1000°C

[100]

Boiling water Slow hydrolysis [101]

Liquid sodium Probably

compatible

[102]

Nitric acid, 110°C High rate of

dissolution,

k� 18 mg/cm2 h

for 93% th.d.

a

Air Up to 700°C

no reaction

[102,103]

(13) Si3N4

Melting point Incongruent [5]

Nitrogen partial

pressure at 1500°C

5 ´ 10ÿ3 bar [104]

Decomposes under 1

bar nitrogen

1878°C [5]

Thermal conductivity

at

500°C 12 W/K m [105]

1000°C 9 W/K m [105]

1500°C 10 W/K m [105]

2000°C 12 W/K m [105]

Chemical behaviour

towards

Austenitic steel Compatible below

900°C

[106]

Iron Compatible below

700°C

[107]

Liquid sodium No reaction [108]

Water Not dissolvable [53]

Nitric acid Not dissolvable [53]

(14) CeN

Melting point 2480°C [74]

Nitrogen partial

pressure at

1500°C 4 ´ 10ÿ8 bar [46]

2000°C 4 ´ 10ÿ4 bar [46]

Thermal conductivity

(800±2000°C)

5 W/K m [109]
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The CeN±PuN system is completely miscible in the

solid [112].

The YN±PuN system is completely miscible in the

solid [112].
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