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Abstract

The plutonium disposition is presently acknowledged as a most urgent issue at the world level. Inert matrix and

thoria fuel concepts for Pu burning in LWRs show good potential in providing e�ective and ultimate solutions to this

issue. In non-fertile (U-free) inert matrix fuel, plutonium oxide is diluted within inert oxides such as stabilised ZrO2,

Al2O3, MgO or MgAl2O4. Thoria addition, which helps improve neutronic characteristics of inert fuels, appears as a

promising variant of U-free fuel. In the context of an R&D activity aimed at assessing the feasibility of the fuel concept

above, simulated fuel pellets have been produced both from dry-powder metallurgy and the sol±gel route. Results show

that they can be fabricated by matching basic nuclear grade speci®cations such as the required geometry, density and

microstructure. Some characterisation testing dealing with thermo-physical properties, ion irradiation damage and

solubility also have been started. Results from thermo-physical measurements at room temperature have been achieved.

A main feature stemming from solubility testing outcomes is a very high chemical stability which should render the fuel

strongly diversion resistant and suitable for direct ®nal disposal in deep geological repository (once-through solu-

tion). Ó 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

The reference background is about 100 t of excess

plutonium (WG-Pu) that are originated from warhead

dismantling under the START I and II agreements and

approximately another 200 t of civilian or reactor-grade

Pu (RG-Pu) already stockpiled from commercial spent

fuel reprocessing. Total RG-Pu generated is forecasted

to reach some 1200 t by the year 2000.

Three generic fuel types are possible to burn pluto-

nium in LWRs [2,3]: uranium-based mixed oxides

(U,Pu)O2 also called MOX fuel; thorium-based mixed

oxides (Th,Pu)O2 and inert matrix fuels (IMF), where

PuO2 is dispersed in a neutron transparent ceramic

carrier.

Civilian mixed-oxide (U,Pu)O2 fuels [4,5] have been

thoroughly studied and tested, and wide operational

experience is now available on a commercial basis. In

fact they have been indicated by both US and Russia as

the reference option for the in-reactor disposition of

their WG-Pu. Their main drawback, however, is the new

plutonium which is continuously generated during irra-

diation, so that a signi®cant fraction (�70%) of the

loaded plutonium is still present in the discharged spent

fuel, although it is denatured.

The (Th,Pu)O2 fuel creates interest because of its

potential for increasing the Pu consumption with respect

to (U,Pu)O2; due to the lack of U. Moreover, there exist

experimental data on thoria fuels, that indicate a good

under irradiation behaviour and a rather high stability
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for the resulting spent fuel, so that it is likely to be ap-

propriate for direct disposal. A major disadvantage for

Th-fuel is the 233U breeding, though the high gamma

activity of the separated uranium mixture, coming

mainly from 232U, should highly discourage this possible

proliferation pathway.

The primary advantage of U-free inert matrix fuel

[2,3,6,7] is the non-production of new plutonium during

irradiation, due to lack of uranium (U-free fuel) whose
238U isotope is the departure nuclide for breeding 239Pu.

In addition it enables nearly total destruction of ®ssile

Pu (inherent non-proliferant fuel).

In the inert matrix and thoria fuel concept plutonium

oxide is diluted in inert ceramic oxides (e.g. stabilised

zirconia or spinel) and/or thoria, in such a content as to

give approximately the same reactivity performances as

in the standard 235U enriched fuel for LWRs.

To cope with low thermal conductivity or low melt-

ing point, annular pellets are foreseen for zirconia and

spinel use. Burnable poisons also have to be envisaged

for controlling peaking factors and burn-up reactivity

swings. A major drawback for U-free IMF remains

however the low Doppler coe�cient as a consequence of

lack of 238U.

ThO2 is considered mainly to improve reactivity

feedbacks (Doppler) in pure inert matrix fuel, strenghten

chemical stability and accelerate Pu stock disposition. A

partial introduction of ThO2 in the matrix (thoria-doped

fuel) or total (thoria±plutonia fuel) is possible [1±3]. To

cope with the problems arising from the proliferation

standpoint when using thoria (233U breeding from
232Th), it is possible to add some limited amount of

depleted U in order to denature the produced 233U.

Moreover, the thoria introduction is also applicable to

the Pu±Th cycle as forecasted in a hybrid accelerator

driven system (ADS) envisaged to act as a burner ma-

chine either for plutonium or minor actimides and long-

lived radwastes [8,9]. In this latter context Th utilisation

could constitute an additional option, further of the

solution here proposed, which would permit the 233U

recoverability under suitable anti-proliferation counter-

measures.

The explored pellet fabrication processes are the sol±

gel, gel supported precipitation (GSP) and mixed powders

route. The GSP process would provide the advantage of

free-¯owing, dust free, highly homogeneous micro-

spheres with enhanced characteristics of sinterability.

The standard LWR geometry is the reference one for:

pellet, pin and fuel assembly.

Finally, an R&D e�ort on innovative U-free fuels

such as the inert matrix non-proliferant fuel, appears

widely justi®able also by the fact that for WG-Pu

transmutation in LWRs, the precisely required MOX

fuel is not readily available while processes and facili-

ties have to be set-up before reaching the operational

stage.

This paper complements the other one provided by

Lombardi et al. [10].

2. Preliminary fabrication and characterisation testing

A co-operative R&D activity aimed at assessing the

experimental response has been jointly undertaken by

ENEA and Polytechnic of Milano, starting from fab-

rication-characterisation tests on simulated cold mate-

rial, with the aim of fabricating and irradiating a small

lot of Pu-bearing inert matrix fuel with thoria addi-

tions.

Some simulated-fuel fabrication and characterisation

tests have been carried out on stabilised zirconia, spinel

and a mixed matrix alumina±zirconia±magnesia. In this

study, however, the plutonium oxide is simulated by

cerium oxide (CeO2). Both processes, the sol±gel GSP

and dry powder metallurgy, are investigated for a direct

comparison. The objective of fabrication and charac-

terisation tests on cold materials is to demonstrate the

capability of producing sintered pellets which comply

with basic requirements descending from standard UO2

and MOX fuels [11], such as: pellet geometry of 8.2 mm

diameter and 10.4 mm height; pellet density is approxi-

mately 95% TD; maintaining the required porosity in

the ceramic material; single crystalline phase and mi-

crostructure having an average grain size in the range

10±40 lm; appropriate basic thermo-physical and

chemical properties.

2.1. Simulate fuel fabrication tests on Al2O3±MgO±ZrO2

matrix

2.1.1. Experimental procedure

Simulated fuel microspheres have been produced via

the GSP process as described in [12,13] starting from a

Zr, Mg, Al, Ce nitrate salts and yttria solution. As re-

ported in Fig. 1, to obtain simulated fuel powders we

started from microsphere dried in air which was fol-

lowed by a grinding step. The used composition of

simulated fuel (microspheres or powder) was: Al2O3 47.8

mol%, ZrO2 (stabilised with Y2O3 16 wt%) 42.4 mol%,

MgO 4.9 mol%, CeO2 (plutonium oxide simulator) 4.9

mol%.

Forming and sintering behaviour was studied by

means of manufacturing several samples at di�erent

forming pressure within the range 35±500 MPa. Green

specimens were sintered in air at 1823 K for 2 h. Sinte-

ring cycle had heating and cooling phases at a rate of

300 K hÿ1.

For all cases, the bulk density of uncompacted sin-

tered microgranules or powders, determined by using

the helium pycnometer (Accupyc 1330-Micromeritics)

method, was assumed to be the theoretical density (TD)

of the simulated fuel. Densities of green and sintered
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samples were determined by means of volume and

weight determination. Crystalline phase identi®cation of

sintered pellets was performed by an X-ray di�raction

technique (Rigaku±Mini¯ex, CuKa 1.54 �A). Micro-

sphere shape, powder morphology and sintered sample

microstructure were examined by SEM (Stereoscan 250

± Cambridge).

2.1.2. Results and discussion

In the SEM micrograph reported in Fig. 2(a) the

typical spherical shape of a simulated fuel microsphere is

shown. Microspheres average 100±150 lm in size. Mic-

rosphere size was dependent on feed solution ¯ow rate,

design of atomizer device and rotation speed. As re-

ported in Ref. [1], microspheres produced by the GSP

process had spherical shape due to the water soluble

polymeric compound addition which causes a viscosity

increasing of the solution used. An SEM micrograph of

the powder is reported in Fig. 2(b).

Forming and sintering behaviour was studied with

the aim of producing sintered samples with relative

density of 95±96% TD. Compaction response of green

pellets formed at di�erent pressures is reported in

Fig. 3(a). In these curves it is recognisable that break-

point pressure is in agreement with the compaction re-

sponse diagram elaborated by Van Der Graaf et al. [14].

In Fig. 3(b), sintering density as a function of forming

pressure is shown. The obtained sintered pellet density is

96% TD, reached at pressure of 250 and 150 MPa for

microspheres and powders, respectively (theoretical

density, as de®ned above, is 4.90 � 0.01 g cmÿ3). Fi-

nally, XRD analysis was performed to de®ne crystallo-

graphic composition of the sintered pellets. Fully

stabilised zirconia was found to be the main phase; other

Fig. 1. GSP process ¯owsheet.
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phases were alumina, magnesium aluminate (spinel) and

MgAl11CeO19.

2.2. Simulate fuel fabrication tests on stabilised ZrO2 and

spinel matrices

2.2.1. Experimental procedure

The used material compositions were (ZrO2±

19.57%CaO, mol%) and MgAl2O4 as inert matrices;

(ZrO2±18.2%CaO±7%CeO2, mol%) and (MgAl2O4±

7%CeO2, mol%) as simulated fuel.

Powders and microspheres were prepared by copre-

cipitation and the GSP sol±gel route, respectively.

In the coprecipitation method used for powders'

preparation, the departure nitrate salts of Zr, Ca, Mg,

Al and Ce are dissolved in water, and then ammonia

is added to the colourless solution till an alkaline pH is

achieved (pH > 11). In this way, an insoluble salt

is precipitated from the solution, ®ltered onto paper ®l-

ters and put in a crucible. After moisture elimination,

the precipitate is calcinated up to 1073 K for 2 h and the

resulting powders are then milled for the required time.

In the sol±gel route (GSP), the solution is also pre-

pared from the water soluble salts of metals as above.

Water is added until the solution reaches 80±160 g lÿ1 in

total oxide concentration. The solution is then thickened

by an organic water soluble polymer, and dropped in a

dilute ammonia solution. A surfactant in the ammonia

solution ensures the drops do not stick to each other and

precipitate to the bottom.

The spheres are removed from the ammonia solution

and dried by azeotropic distillation.

Chlorinated hydrocarbon was used as the solvent. The

spheres were calcinated in mu�e up to 1073 K for 2 h.

At this stage, powders and microspheres were ana-

lysed by SEM and XRD to obtain the morphology of

Fig. 3. Pellet density diagram: (a) green pellet; (b) sintered pellet.

Fig. 2. SEM micrograph of calcinated material: (a) micro-

spheres; (b) powder.
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the particles and crystallite phase and size. Speci®c

surface area (BET), density using helium pycnometry

and granulometry were also measured.

Green pellets were produced by uniaxial pressing of

ceramic powders or microspheres, in a 13.26 mm di-

ameter die with added lubricant. Di�erent forming

pressures within the range 100±1000 MPa were applied

to evaluate the response of the materials. Green pellets

were sintered in an air furnace. The thermal cycles were:

1793 K for 4 h; 1843 K for 2, 4 and 6 h; 1873 K for 2 h,

to study grain growth evolution with heating rate of 100

K hÿ1.

Geometrical density of sintered samples was mea-

sured. Bulk density was determined for the best (most

dense) pellets by He and Hg pycnometry. Determination

of porosity was made by water immersion. Microstruc-

ture and phase analysis was performed by SEM (with

EDS microanalysis) and XRD techniques.

2.2.2. Results and discussion

For each material composition and production pro-

cess the main characteristics of powders or microspheres

and of sintered pellets are listed in Table 1.

GSP with azeotropic dehydration of gel microspheres

(applied for zirconia based materials) permitted us to

obtain the required pellet densi®cation, at a sintering

temperature of 1843 K. In all other processes, based on

powder preparation by coprecipitation and drying in air,

lower densities were achieved (from 80 to 94% TD).

Di�erent thermal treatments or higher sintering tempe-

rature and time may be necessary to meet speci®cations

in this case. Probably extensive milling to sub-micron

particle dimensions should give more reactive powders

(to be reagglomerated for pressing) though such a step is

undesirable with plutonium-containing powders. The

coprecipitation of all components gave results very

similar to those obtained from mechanical mixing of

separated powders (CeO2 added to inert matrix); this

process, preliminary to the GSP one, is not taken into

consideration for future developments, but permits us

to dissolve a Pu simulator in solid solution with a ma-

trix. With the GSP process, phase and microstructure

are completely satisfactory: only cubic-stabilised zir-

conia is present. In the calcia-stabilised zirconia pellets,

a tendency of Ca to segregate at grain boundaries was

noted. Average grain size easily reaches minimum re-

quested dimension (10 lm); prolonging sintering time

grains grows up to 40 lm. Coprecipitated powders did

not show such good behaviour and the large porosity

causes inhomogeneity at the microscopic level, inhibi-

ting grain growth and giving a less signi®cative grain

size measure. The e�ect of incrementing the forming

pressure is an increase in green body density, giving

dense sintered pellets only up to an optimal pressure

limit. Once exceeding this limit, lamination and density

inhomogeneities are produced. The use of binders and

lubricants improves the pressing behaviour; in our case

less pressure was needed to obtain higher densities and

more regular geometry (squareness and smoothness)

with binder addition was achieved. Temperature rise

was properly modi®ed in order to permit binder elimi-

nation.

A further remark on the GSP method is that it pro-

vides a better ¯ow for the press feed and improved ca-

pability for automatisation and remotisation of

operations in view of Pu-bearing fuel. Moreover, it holds

the advantage of avoiding ®ne contamination when Pu

will be present and guarantees homogeneity in the mic-

rosphere solid solution, by making sintering easier at

lower temperatures.

However, in view of plutonium-based fuel fabrica-

tion, attention to the aspects dealing with criticality risk

and contaminated e�uents coming from the process will

be necessary.

Pellet microstructures related to calcia-stabilised zir-

conia, after thermal eatching, are shown in Fig. 4(a) and

(b).

3. Speci®c characterisation

The following tests are performed on sintered pellets

in order to achieve a basic characterisation picture, be-

fore starting fabrication on real ®ssile-bearing fuel:

· Measurement of thermo-physical properties such as:

thermal conductivity, speci®c heat, thermal expan-

sion, melting point and molten material behaviour.

· Solubility tests (corrosion and dissolution). Di�erent

conditions are simulated: long-term geological dis-

posal (about room T, pH � 8); fresh-spent fuel re-

processing (HNO3 ± 8M, 393 K); PWR operation

(573 K, 15.5 MPa, pH 7.2).

· Ion irradiation damage (IID) testing: exploration on

targets by using accelerated 180 keV ions (He, Xe),

for di�erent ion doses in the range 1014±1017 ions

cmÿ2.

Results are given hereafter only on the ®rst two

points, owing to the IID testing still being underway.

3.1. Thermophysical properties

A measuring technique [15,16] ± based on the the-

rmoelastic e�ect [17±19] ± has been recently developed

and quali®ed at the Department of Nuclear Engineering

of Politecnico of Milano, allowing the simultaneous

determination of the following thermophysical proper-

ties: di�usivity a, conductivity j, linear expansion coef-

®cient a and speci®c heat cp. Moreover, as the

experimental apparatus exploits a conventional material

testing machine, some additional indications about the

mechanical behaviour of tested materials can be easily

obtained.
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A homogeneous heat source is produced for a time t0 in

a cylindrical sample by a uniaxial and uniform com-

pression, well within the linear elastic range of the

specimen. The heating process is followed by a thermal

relaxation phase at constant stress and null e�ective

thermoelastic source. Under appropriate conditions, the

resulting temperature variation DT during the thermal

relaxation has the simple exponential time dependence

DT � DTmaxeÿ�tÿt0�=s: �1�
The characteristic heat di�usion time s of the sample

and the maximum temperature variation DTmax (typi-

cally of the order of 0.1 K) are therefore accessible by a

®t of the measured thermal evolution to the form (1);

from the obtained values of s and DTmax the thermal

di�usivity a and the ratio a/cp can be directly derived

[20].

The experimental set-up is described elsewhere in

detail [21]; here a schematic drawing is shown together

with a typical temperature transient during the test

(Fig. 5). Theoretical analysis and extensive experimen-

tation allowed us to optimise specimen preparation

(geometry, size, surface ®nishing) and to identify the

testing procedures under which the thermoelastic

method leads to reproducible and precise results for a

large class of elastic materials. The various factors rel-

evant for the measured thermal transients were analysed

and criteria for data analysis were accordingly devel-

oped [21,22]. The technique has been ®nally calibrated

by reference materials, including certi®ed reference ma-

terials (CRM) for thermal conductivity, thermal ex-

pansion and speci®c heat [23,24], resulting in precise

assessments for the uncertainty (below 3%) and the ac-

curacy (better than 10%) of measurements.

Fig. 5. The employed experimental set-up with a typical temperature transient during the test (P: compression plate; J: ball-and-socket

joint; S: specimen; R�T �: temperature sensor; MB: molybdenum-bearing block; W: thermoinsulating wall).

Fig. 4. Sintered pellet microstructure (from sol±gel route): (a)

ZrO2±CaO; (b) ZrO2±CaO±CeO2.
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Preliminary results at room temperature for several

ceramic specimens prepared by FN-New Technologies

(see Section 2.2) are shown in Table 2; the thermal

conductivity (j� a á q á cp) and the linear expansion

coe�cient a are derived from direct experimental results

(i.e. s and DTmax) exploiting the reported values of mass

density q (Archimede's method) and speci®c heat cp

measured by di�erential scanning calorimetry (DSC).

Due to the thermal conductivity trend of zirconia (rather

constant up to temperature of around 1500 K), the j
values found here are also signi®cant for a ®eld of much

higher temperatures [7,20]. Work is in progress to per-

form measurements at higher temperatures.

3.2. Solubility tests

Leaching and dissolution tests were carried out in

order to assess the material behaviour under simulation

conditions of long-term geological disposal (leaching in

ground water) and fresh-spent fuel reprocessing (HNO3

± 8M, 393 K), including even more aggressive conditions

such as chemical attack by HNO3 (1 ml) + HF (4 ml)

concentrated solution at elevated temperature.

3.2.1. Experimental

The di�erent types of tests performed on di�erent

materials are reported in Table 3. Two types of matrices

were tested: ZrO2±8.4%YO1:5±45.4%Al2O3±1.9%MgO

(wt%), matrix type A and the ZrO2±9.7%CaO (wt%),

matrix type B. Tests were performed either on pure inert

matrix or simulated fuel (inert matrix added with CeO2).

The samples were analysed in di�erent forms: micro-

granules calcinated at 973 K, sintered at 1823 K, whole

sintered pellets and pulverised pellets. The size of the

samples was approximately 2.5 g in the case of matrix

type A and 5 g in the case of matrix type B or equivalent

weight for microgranules or powder samples. In the case

of extremely aggressive treatment with concentrated

HNO3 + HF, a very small size sample of 200 mg was

employed.

Simulated rain water was used for the leaching tests,

prepared according to composition of NIST SRM 2694-

II standard. The simulated ground water was obtained

by raising to 8.0 the pH of this solution by Na2CO3

addition.

Sequential tests at high pressure and temperature in a

microwave reactor were carried out for more severe

leaching tests (pH� 3.6) and for HNO3 ± 8M dissolu-

tion tests.

All the resulting solutions were analysed for the

concentration of matrix elements (Zr, Y, Al, Mg and Ce

in the case of matrix A and Zr, Ca and Ce in the case of

matrix B) by means of the inductively coupled plasma-

atomic emission spectroscopy (ICP-AES) technique.

The amount of solubilised substances was calculated as

a sum of the corresponding oxides of the elements

measured in solution. The results are gathered in Ta-

ble 3 in terms of weight%.

3.2.2. Results and discussion

The results reported in Table 3 show that the inves-

tigated materials are particularly dissolution resistant.

Leaching tests on sintered material revealed that in

all cases (including very aggressive conditions such as

pH� 3.6, P� 2.5 MPa, T� 493 K) only a few lg

(<0.005% total sample weight) of some elements are

released in solution. Considering that in all the leaching

tests performed, Zr was never detectable in solution and

that in the leaching test at pH 8.00 the only element

detected in solution was Mg, it is plausible that elements

solubilised in the leaching tests were impurity traces

containing matrix elements in di�erent chemical forms

(e.g. trace of residual reagents or intermediate, trace of

soluble compounds formed by reaction with other un-

known elements). This hypothesis is supported by results

obtained in the sequential test in which it is evident that

after the `cleaning' of the material no matrix elements

are released in the solution in the same conditions.

Also in the case of HNO3 treatment it seems rea-

sonable to draw the same conclusions, though the results

Table 2

Thermophysical data for tested materials (room temperature)

Material q q cp a j a
Production process (g cmÿ3) (% TD) (J kgÿ1 Kÿ1) (10ÿ7 m2 sÿ1) (W mÿ1 Kÿ1) (10ÿ6 Kÿ1)

ZrO2 + Cao

GSP 5.13 90 510 5.4 1.4 9.4

ZrO2 + CaO + CeO2

Mixed powders 4.87 83 500 5.2 1.3 10.5

GSP 5.57 95 530 6 1.8 7.9

ZrO2 + Y2O3

Coprecipitation 5.45 91 490 5.4 1.4 9.7

GSP 5.71 96 500 6.2 1.8 8.7

ZrO2 + Y2O3 + CeO2

Coprecipitation 5.69 94 520 6.8 2 8.1

GSP 5.45 90 510 5.6 1.5 8.9
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of the third sequential test (in progress) are necessary to

con®rm this assumption.

The partial solubilisation of microgranules calcinated

at 973 K, in 8M HNO3, points out an incomplete

forming reaction for this material.

Only in very highly aggressive conditions such as

concentrated HNO3 + HF attack at high temperature

and pressure in a microwave reactor, solubilisation of

sintered materials is partially achieved. To better eval-

uate this result it is necessary however to consider the

small amount of sample tested, the sophisticated appa-

ratus employed and the concomitant presence of the

¯uoride ions in solution.

4. Conclusions

A detailed fuel quali®cation process is required for

the inert matrix-thoria fuel concept aimed at commercial

LWRs, starting from basic technological assessment up

to extensive irradiation testing.

The early tests carried out so far show that simulated

fuel pellets can be fabricated by matching basic nuclear

grade speci®cations such as the required geometry, pellet

density and microstructure. That is especially evident

when using the GSP process, though some process pa-

rameters tuning is still necessary.

Results from thermo-physical characterisation at

room temperature are consistent with the literature data.

From leaching and dissolution tests it clearly emerges

that the inert matrix material displays a very high

chemical stability, which represents a strong advantage

against diversion purposes and for a safer disposal of the

spent inert matrix fuel. The dissolution resistance is not

ensured, however, in case of highly aggressive, out of

standard technique, nitric acid plus hydro¯uoric acid

mixture. Awaited observations from the still under-way

IID testing on stabilised zirconia, are important to

con®rm the choice of this material as one of the best

candidate inert matrix materials, whose strong ion ir-

radiation damage resistance features have already been

referred by other authors [25±27].

Additional fabrication and characterisation testing

will also deal with thoria introduction, in view of start-

ing the design and fabrication of the ®rst irradiation

experiment expected in the Halden HWBR.
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