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Abstract

The oxidation of broken sintered ceramic UO2 pellets has been studied between 723 and 1073 K in a range of car-

bonate-based melts and under a variety of oxidising conditions. Comparison with the oxidation of UO2 powder under

corresponding conditions showed that the reactivity of these media with ceramic UO2 was less, due to a lower relative

surface area and a lower chemical activity of the sintered material. Pure carbonate melts, and with added alkali metal

chlorides, produced essentially no reaction with ceramic UO2. Bubbling the melt with air or oxygen for many hours also

had little e�ect. Addition of nitrate enabled the rate and extent of the reaction to be controlled, by varying the concen-

tration of the oxidising agent and keeping the nitrate-to-UO2 mole ratio below �0.4. Above this ratio the available sur-

face area was the main controlling factor of the reaction. Controlled in situ generation of superoxide ions increased

signi®cantly the uranate yield at 723 K. A minimum concentration of oxidising agent is thus necessary before reaction

commences. Complete oxidation of ceramic UO2 was achieved in �2 h at 873 K in carbonate melts that contained

KNO3 and were bubbled with oxygen. Ó 1998 Elsevier Science B.V. All rights reserved.

PACS: 28.41.Bm; 28.90.+i; 81.05.Je; 81.65.Mq; 82.65.Yh

1. Introduction

The reactions of uranium oxides with molten alkali

metal salts of oxo-acids (mainly nitrates or nitrate-based

mixtures) have been investigated previously [1±7], the

products being various alkali metal uranates. Many

uranates have been formed upon heating uranium ox-

ides (UO2, U3O8 or UO3) with alkali metal carbonates,

chlorides, nitrates and peroxides, as well as by reactions

in molten salts [8±14]. However, the published data on

UO2 almost entirely refer to reactions of the powder,

and reaction of sintered ceramic UO2 has only been re-

ported in passing by Fujino et al. [1]. They observed that

heating pieces of UO2 pellets with an equimolar amount

of NaNO3 in a stream of oxygen for 3 h at 873 K led to

complete pulverisation of the pellets with the formation

of uranates. They also observed no di�erence in the re-

action on ceramic UO2 compared with that on the pow-

der under the same conditions. However, in many

heterogeneous reactions the reaction rate, for example,

will depend mainly on the available surface area. No
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other details were given, and it will be shown that they

had more than su�cient oxidants, and time, to e�ect

complete reaction to form Na2U2O7.

Oxidation of UO2 in molten carbonates in the pres-

ence of oxygen yields alkali metal uranates as follows:

xM2CO3 � yUO2 � y=2O2 ! �M2O�x�UO3�y � xCO2

�1�
We have found [6] that oxidation of powdered UO2 in

molten carbonates and carbonate-based mixtures pro-

ceeds via formation of an insoluble layer of alkali metal

uranates on the surface of UO2 and that the reaction

rate is determined by mass transfer of the reactants

through this layer. The preparation of the sintered ce-

ramic involves heating the compressed powder in a re-

ducing atmosphere at temperatures well above 1000 K,

forming virtually the stoichiometric material, UO2:00: ur-

ania powder normally contains excess oxygen, taken up

in interstitial positions within the ¯uorite structure. The

concentration of oxygen in non-stoichiometric urania is

not usually uniform and it is higher on the surface of

UO2 particles. Thus the reactivity of UO2 powder can

be expected to be di�erent from that of the sintered ce-

ramic material.

We had previously found that UO2 powder was ox-

idised to a signi®cant extent in fused alkali carbonate

mixtures at temperatures as low as 723 K [6], and thus

some reaction with ceramic UO2 was anticipated. In

the absence of added oxidising agents the reaction was

controlled by the extent of oxygen solubility in the reac-

tion media from the atmosphere above the melt. Increas-

ing the concentration of oxygen species in the melt (e.g.,

by increasing temperature, oxygen partial pressure or by

adding alkali metal chlorides [6,7]) enhanced the melt re-

activity towards UO2 powder. Increasing the oxidising

power of the melt by addition of a stronger oxidising

agent (e.g., alkali metal nitrate, nitrite, peroxide, super-

oxide or suitable mixtures thereof) had a marked e�ect

on the reaction. The concentration of the oxidising

agent, i.e., alkali nitrate, became the major factor con-

trolling the rate of oxidation of UO2 powder [5,6]. Final-

ly, controlled generation of superoxide species in the

melt (by reaction of alkali metal nitrate with peroxide)

has been shown to be the best current method for the ox-

idation of powdered UO2 at relatively low temperatures

[7]. Since urania powder generally has the formula

UO2�x and the ceramic form is normally stoichiometric

the claim by Fujino et al. [1] that there was no di�erence

in reactivity seemed to us surprising in the light of the

above. Since our studies [6,7] have now provided the

conditions for the rapid oxidation of the powder our ex-

tensive data would thus provide a su�cient basis for de-

veloping a suitable and sensitive method for the

complete oxidation of sintered ceramic uranium dioxide

in alkali metal carbonate based melts, and a means of

testing the statement of Fujino et al. [1].

The results of a study of the oxidation of ceramic

UO2 under a variety of oxidising conditions at tempera-

tures between 723 and 1073 K are reported here.

2. Experimental

The equipment, experimental and analytical tech-

niques have been described previously [6]. The ter-

nary carbonate eutectic (Li2CO3:Na2CO3:K2CO3�
1.69:1.14:1 mol, melting temperature 666 K) was used

in most of the experiments, whilst the binary Na2CO3±

K2CO3 mixture (Na2CO3:K2CO3� 1.27:1 mol, melting

temperature 983 K) was used at temperatures above

1023 K. All reagents were the purest commercially avail-

able. Alkali metal carbonates were dried at 473 K for 4 h

prior to use. Sintered ceramic UO2 pellets, provided by

British Nuclear Fuels plc (BNFL), were mechanically

crushed into irregular lumps of average size 0.3±2 mm

dia (10% of which were smaller particles, down to 0.05

mm dia, as determined by sieve analysis). The average

surface area of the mixture of these pieces was

0.2 � 0.1 m2 gÿ1 compared with 2.7 � 0.1 m2 gÿ1 for

UO2 powder [15]. The ratio of the powder to ceramic

surface areas is thus approximately 14 : 1, smaller than

might be expected, and attributed to the porosity of

the ceramic material (revealed by scanning electron mic-

rographs of our samples of ceramic UO2). Although the

surface of UO2 particles accessible to gas (for the above

measurements) is not the same as that for molten salt, it

was assumed that the ratio of the surfaces of powder and

ceramic forms UO2 available to the melt would be ap-

proximately the same.

Around 1.5 g of UO2 and 12 g of the eutectic carbon-

ate mixture were used in each experiment. The uranium

species formed upon oxidation were characterised by X-

ray powder di�raction analysis of quenched melts, using

a Phillips PW1710 di�ractometer. The concentration of

the U(VI) species formed was determined spectrophoto-

metrically [6], using small melt samples (�0.1 g) taken

regularly from the crucible. Melt samples were treated

with the minimum volume of 1 M H2SO4 which dis-

solves the carbonates present and any uranates formed.

Any unreacted UO2 does not dissolve in dilute sulfuric

acid, and since it does not interfere in the subsequent re-

actions, was not separated o�. Uranium(VI) concentra-

tion in the solution was determined using the reaction

of UO2�
2 with Arsenazo I. From over ®ve thousand inde-

pendent determinations we found the precision of this

technique to be under 2%. Any scattering of data result-

ed mainly from non-uniformity in the composition of

heterogeneous melt samples and therefore many deter-

minations were repeated to con®rm results and preci-

sion.

An alumina crucible was used to contain the molten

salt mixtures. The inner surface of the crucible had been
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pre-treated by reaction with the ternary carbonate melt

to form a protective layer of lithium aluminate, LiAlO2,

which prevents further reaction of alumina with fused

carbonates [16]. Experiments were generally performed

in air, and bubbling with oxygen, nitrogen or air was

used for stirring the melts. Air was dried (silica gel)

and all gases were bubbled through the melt via an alu-

mina tube. Nitrogen was used rather than argon because

its density is less than that of air, and hence passing ni-

trogen through the melt allowed e�cient stirring but did

not prevent access of air to the melt surface or diminish

the oxidising ability of the melt.

3. Results and discussion

3.1. Pure carbonate melts and e�ect of added chloride

Preliminary experiments showed that an unbroken

sintered UO2 pellet (a rod diameter: 10 mm, length: 12

mm) completely immersed in a stirred (Na±K)2CO3 melt

did not react to produce a uranate, even after 6 h at tem-

peratures up to 1073 K. Under identical conditions sam-

ples of UO2 powder were completely oxidised [6].

Carbonate melts with added alkali metal chlorides have

been successfully used for increased oxidation of UO2

powder [7], because the addition of the chloride leads

to increased oxygen solubility in the melt. However,

when pieces of broken ceramic UO2 pellet were reacted

in an air-bubbled chloride-containing melt the yield of

uranates at 723±823 K was still negligible (<0.5%).

The amount of ceramic oxidised however did increase

with increasing temperature but even at 1023 K only

6% could be converted to uranates after 7 h. These re-

sults suggest that the oxidising species, and their concen-

tration, formed in the melt, due to the reaction of

oxygen (from air) with the carbonate, were not su�cient

to cause e�ective oxidation of ceramic UO2, and a

stronger oxidising agent was therefore required.

3.2. Carbonate melt with added nitrate

Alkali metal nitrates have been shown to be very ef-

fective [6] for the oxidation of UO2 powder: a

KNO3 : UO2 mole ratio of around 0.4 was su�cient

for complete oxidation at 723 K in �1 h. Fig. 1(A)

shows the results of the reaction of ceramic and UO2

powder in the ternary carbonate melt with varying

amounts of KNO3 added. The extent of reaction is pre-

sented as changes in uranium-to-oxygen atomic ratio,

equal to 2 for UO2 and to 3 for an alkali metal uranate

of general formula (M2O)x(UO3)y. This ratio is shown as

a function of time at various initial concentrations of ox-

idising agent and, as expected, the oxidation of the ce-

ramic material proceeded more slowly: on a weight-

for-weight basis the ceramic material was oxidised

around 100 times more slowly than the powder. The

yield of the uranate species increased linearly with time

over a 13 h period, though the results are only shown

for the ®rst 7 h. This ®gure reveals clearly the di�erent

behaviour between these two forms of UO2 from that

previously reported [1]. Further, the results with UO2

powder showed an initial rapid increase in the concen-

tration of uranates, with essentially no further oxidation

of UO2 after 1±2 h. Also, the oxidation of powder and

ceramic UO2 di�ered in that the extent of the reaction

of ceramic UO2 depends upon the concentration of

KNO3, but only up to a limiting mole ratio of

KNO3 : UO2 of �0.4, Fig. 1(B). Beyond this ratio the

surface area of UO2 (and not the concentration of the

oxidising species) determines the extent and the rate of

the reaction. A minimum concentration of these oxidis-

ing agents is thus required before ceramic UO2 can be

oxidised.

3.3. Mechanism of the oxidation of ceramic UO2

X-ray powder di�raction analysis showed that potas-

sium diuranate was the main product formed upon oxi-

dation of ceramic UO2 in carbonate melts with added

KNO3, in agreement with our work on the oxidation

of UO2 powder [6]. The mechanism by which oxidation

of the ceramic form of UO2 proceeded must, however,

be somewhat di�erent. With UO2 powder a solid layer

of uranates is gradually built up on the surface of the

particles, causing the reaction essentially to cease after

2±4 h [6]. Examination of the large particles of the ce-

ramic showed no evidence of such a layer. Instead, the

insoluble uranate species formed initially on the surface

did not adhere and were released into the melt. We sug-

gest that the intrusion of oxygen atoms into the UO2

structure upon oxidation leads to the initial formation

of species such as U4O9 and U3O8 uranium oxides and

that these cause considerable expansion in the volume

of the surface layer, and subsequent fracture of the layer

of uranates formed on the surface of the particle can be

expected. For small ceramic particles and UO2 powder

this expansion is insu�cient to dislodge uranate parti-

cles, but will do so by spalling in the course of oxidation

of larger pieces of ceramic UO2. Thus this spalling and

oxidation of lumps of ceramic UO2 pellet leads to

pulverisation of the material and the formation of uran-

ates, in agreement with the observations of Fujino et al.

[1] using pure molten NaNO3.

3.4. E�ect of agitation of nitrate-containing melts

Upon bubbling oxygen through the ternary carbon-

ate eutectic melt containing KNO3 further increase in

the oxidation of the ceramic was observed, but even

after 7 h at 723 K the reaction was still far from com-

plete. Fig. 2 shows the e�ect of temperature upon the
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oxidation of ceramic UO2 in a melt bubbled with oxygen

and having a mole ratio of KNO3 : UO2 of ca. 0.4.

These plots are again di�erent from those previously ob-

tained for the oxidation of UO2 powder [6]. At 723 K

ceramic UO2 oxidised slowly and steadily over 7 h,

but at 773 K it oxidised slowly at ®rst, the rate increas-

ing after around 1 h, and subsequently slowing after the

third hour. The reaction observed here follows that

found for the powder at 823 and 873 K, with subsequent

slowing of the rate after 2 h at both temperatures. The

reaction virtually ceased at 873 K after 2 h. The yield

of uranates obtained after 7 h was between 96% and

98%. Thus it was possible to determine the minimum

conditions to achieve complete oxidation of ceramic

UO2. In these melts, bubbled with oxygen, a signi®cantly

smaller nitrate-to-UO2 ratio (0.4) was required than that

of 1.0 implied by Fujino et al. [1] in their single condition

experiments using the more oxidising pure NaNO3 melt

under an oxygen atmosphere. Further, we found that

complete oxidation of ceramic UO2, at 873 K, was ob-

tained in 2 h (Fig. 2), whereas they reported uranate for-

mation in 3 h at the same temperature (but without

apparently testing with shorter time intervals).

There are two possible mechanisms by which bubbling

oxygen through nitrate-containing melts that a�ect UO2

oxidation. First, bubbling oxygen or, indeed any gas,

through the melt provides agitation and thus facilitates

contact between molten salt and heavy urania particles

(normally concentrated on the bottom of the crucible),

and we have shown previously that simple mechanical

Fig. 1. E�ect of KNO3 concentration on oxidation of UO2 at 723 K in the ternary eutectic, (Li±Na±K)2CO3. (A) Over time, solid sym-

bols ± ceramic UO2, empty symbols ± UO2 powder. Molar ratio of KNO3 : UO2 of: (n), 0.19; (m), 0.37; (d), 0.59 and (s), 0.41. (B)

Extent of the oxidation of the ceramic after 7 h at various KNO3 : UO2 mole ratios.
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stirring of the melt enhanced oxidation of UO2 powder

[6]. Second, bubbling oxygen increases the amount of ox-

ygen chemically dissolved and hence increases the con-

centration of peroxide or superoxide species [17±22]:

2CO2ÿ
3 �O2 () 2O2ÿ

2 � 2CO2 �2�

2CO2ÿ
3 � 3O2 () 4Oÿ2 � 2CO2: �3�

This arises because oxygen only undergoes chemical dis-

solution in molten carbonates and its solubility increases

with temperature increase [23]. A series of experiments

on ceramic UO2 performed at 773 and 823 K showed

that bubbling air through a carbonate melt containing

added nitrate gave the same e�ect as bubbling oxygen

and the fraction of the ceramic oxidised in these melts

bubbled with nitrogen was the same as that achieved un-

der static conditions. Thus simple agitation of the melt

with nitrogen gas did not facilitate the oxidation of ce-

ramic UO2, and the increase in the yield of uranates in

oxygen-bubbled melts was due to the increased concen-

tration of peroxide/superoxide species in the melt. We

further suggest that the observed lack of di�erence in

the extent of oxidation in air- and oxygen-bubbled melts

arises because changes in the relative concentrations of

peroxide/superoxide ions in the melt had essentially no

e�ect on oxidation of ceramic UO2. This is contrary to

our ®ndings for the oxidation of UO2 powder [6], where

increasing the partial pressure of oxygen facilitated su-

peroxide formation, due to shifting the peroxide-super-

oxide equilibrium to the right:

O2ÿ
2 �O2 () 2Oÿ2 �4�

and therefore enhances UO2 oxidation. Reactions (5)

and (6) show that superoxide oxidises 1.5 times more

UO2 than peroxide:

O2ÿ
2 �UO2 ! UO3 �O2ÿ �5�

2Oÿ2 � 3UO2 ! 3UO3 �O2ÿ: �6�

3.5. Chemical generation of superoxide ions in situ

In our previous study of the oxidation of UO2 pow-

der, carbonate melts with added alkali metal nitrate and

peroxide were shown to be most e�ective [7]. We found

that the reaction of peroxide that occurs in molten ni-

trates [24] applies in molten carbonates:

2MNO3 �M2O2 ! 2MNO2 � 2MO2: �7�
Around three times excess of the peroxide above the

stoichiometry of reaction (7) was necessary to produce

a considerable concentration of superoxide ions in the

(Li±Na±K)2CO3±KNO3±Na2O2 melt containing UO2

powder. Fig. 3 shows that addition of Na2O2 to the ter-

nary eutectic melt had very little e�ect on the oxidation

of ceramic UO2 at 723 K. However, when the peroxide

was added into the same melt together with KNO3, reac-

tion occurred. The total uranate yield signi®cantly in-

creased compared with that expected from simple

Fig. 2. E�ect of temperature on oxidation of ceramic UO2 in (Li±Na±K)2CO3±KNO3 melts bubbled with oxygen at a ¯ow rate of 2.7

dmÿ3 hÿ1 and mole ratio of KNO3 : UO2 of 0.46.(d), 723 K; (m), 773 K; (n), 823 K and (¨), 873 K.
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additive mixing of Na2O2 and KNO3. Dashed lines in

Fig. 3 represent this expected yield for various melt com-

positions. It was possible to increase the degree of UO2

oxidation by ca. 80% by keeping the KNO3 : UO2 mole

ratio low, around 0.5, (which produced the maximum ef-

fect, Fig. 1(B)), and by adding a small amount of sodi-

um peroxide. Raising the peroxide-to-nitrate mole

ratio led to a slight decrease in the e�ciency of the sys-

tem: at a ratio of 4 the increase in UO2 oxidation was

only ca. 60%. We therefore conclude that the optimal

conditions for reaction (7) in the system containing ce-

ramic UO2 require a considerably smaller peroxide-to-

nitrate mole ratio compared with that required for oxi-

dation of the powder, viz., 0.8 compared with 3. This

is closer to the ratio of 0.5 required by the stoichiometry

of reaction (7) and hence is in agreement with our above

®nding that the reactivity of Na2O2 with ceramic UO2 is

low (Fig. 3). Added peroxide tends to react only with the

nitrate present. This reaction di�ers from that in melts

containing UO2 powder, where some of the peroxide is

consumed by reaction with UO2 (Eq. (5)). Apart from

increasing the amount of UO2 oxidised, addition of

Na2O2 to the melt containing KNO3 signi®cantly im-

proved the rate of oxidation of ceramic UO2, especially

in the initial 2±3 h, after which the reaction slowed down

(Fig. 3). It is thus possible to generate in situ a signi®-

cant amount of active superoxide species in carbonate

melts so that the extent and rate of oxidation of ceramic

UO2 are both increased while maintaining relatively low

temperatures.

3.6. Attempts to increase further the performance of the

system

There are two general approaches for increasing oxi-

dation of UO2 in carbonate melts. First, the concentra-

tion of oxidising species in the melt is increased by

passing air/oxygen through the melt or by increasing

the oxygen partial pressure in the atmosphere above

the melt. Second, increasing temperature enhances the

reactivity of these media towards UO2 and also increases

oxygen solubility.

As noted above, the oxidation of ceramic UO2 in

KNO3-containing carbonate melts was increased by

bubbling air/oxygen through the melt. However, bub-

bling air or oxygen through a carbonate melt containing

two oxidising agents, nitrate and peroxide, did not im-

prove the oxidative capability of the system towards ce-

ramic UO2. The yield of uranates was essentially the

same as that achieved under static conditions with the

same amount of added oxidising agents. This was initial-

ly surprising since air/oxygen bubbling increases the for-

mation of oxygen species in the melt, viz., peroxide or

superoxide (reactions (2±4)). However, the concentra-

tion of peroxide or superoxide ions in the melts contain-

ing both nitrate and peroxide is signi®cantly higher than

that formed as a result of oxygen dissolution. Oxygen

solubility in molten carbonates is of the order of 10ÿ4

mole dmÿ3 atmÿ1 [23] and as a result the peroxide/super-

oxide species formed in our experiments here could not

increase signi®cantly the oxidative power of the melt.

Fig. 3. Oxidation of ceramic UO2 in the ternary carbonate eutectic with added KNO3 and Na2O2 at 723 K. Solid lines represent ex-

perimental data and dashed lines the expected extent of the reaction due to simple additive in¯uence from KNO3 and Na2O2. Mole

ratios of KNO3 : UO2 and Na2O2 : UO2 of: (d), 0 and 0.97; (m), 0.59 and 0; (n), 0.25 and 1.00 (A); (¨), 0.46 and 0.36 (B), respectively.

136 V.A. Volkovich et al. / Journal of Nuclear Materials 256 (1998) 131±138



Increasing the temperature had a negative e�ect on reac-

tion (7) due to the thermal decomposition of the added

peroxide and therefore the concentration of superoxide

ions decreased. At 823 K the extent of UO2 oxidation

in air-bubbled nitrate and nitrate-peroxide containing

carbonate melts was the same. Hence it was not possible

to achieve complete oxidation of ceramic UO2 using this

system, a system shown to be highly e�ective for oxida-

tion of UO2 powder [7].

3.7. Reactivity of ceramic UO2

The above ®ndings clearly show that the reactivity of

ceramic uranium dioxide is signi®cantly less than that of

the powder, contrary to the assertion of Fujino et al. [1],

who declared that ``no signi®cant di�erence was ob-

served in the reaction [with NaNO3] where sintered

UO2 pellet was used instead of powder''. Further, it is

important to note that our ceramic material was essen-

tially unattacked by all our pure, air-bubbled, carbonate

melts up to the maximum temperature used of 1073 K.

In identical melts UO2 powder was signi®cantly oxidised

at the lower temperatue of 723 K and could be complete-

ly converted into uranates at 1023 K [6]. In carbonate

melts containing added chloride, ceramic UO2 was only

slightly oxidised at 1023 K after 7 h immersion and ag-

itation by air-bubbling, while under the same conditions

10 wt% of the powder form of UO2 could be oxidised

completely at 823 K [7].

Comparison of the results presented in Fig. 1(A)

shows that ceramic UO2 was oxidised 120 � 20 times

slower than the same amount of powder in the ®rst 30

min after commencing the reaction (after which time

all the UO2 powder added had been oxidised complete-

ly). This ratio is almost 10 times greater than the ratio of

available surface areas of powder and ceramic materials.

Further, complete oxidation of a mixture of 10 wt% of

UO2 in the ternary carbonate melt containing KNO3

(723 K, KNO3 : UO2 mole ratio of 0.4) took around

30 min for the powder to be oxidised whereas less than

half the ceramic material was oxidised in 13 h. The avail-

able surface area of the ceramic in this case was only

13.5 times less than that of the powder and therefore

complete oxidation of the ceramic could be expected in

�7 h if its reactivity was equal to that of the powder.

To account for this di�erence in the reactivity of ce-

ramic UO2 in carbonate-based melts with that of the

powder we ®rst address the surface di�erences between

uranium dioxide in powder and ceramic forms. The

powder reacts slowly with oxygen in air at room temper-

ature. Our own sample changed its value of x, in UO2�x,

from 0.08 to 0.10 a year later, a di�erence considerably

greater than our analytical precision. Stoichiometric sin-

gle crystal UO2 undergoes surface oxidation at ambient

temperatures much more slowly. One of us has been in-

volved in the determination of the chemical-di�usion co-

e�cient of oxygen in single crystal UO2�x over the range

453±573 K [25]. We have extrapolated these linear data

to 293 K and obtained the very low surface oxidation

di�usion value of 10ÿ21 cm2 sÿ1. In the preparation of ce-

ramic UO2 the powder is ®rst mixed with a trace of or-

ganic binder, then compressed cold and ®nally heated

under hydrogen at 1300±2100 K for around 24 h. The

binder is thus driven of and the UO2�x reduced to stoic-

hiometric, or slightly sub-stoichiometric urania. Impor-

tantly, the ceramic pellets formed are not exposed to

air until they have cooled to ambient temperatures.

Our ceramic samples have not changed their formula-

tion in a 12-month period. UO2 powder therefore reacts

more rapidly because its surface and bulk contain inter-

stitial oxygen, which the ceramic form essentially does

not. The ceramic form, as we have shown here, has to

have a minimum concentration of oxidising species in

the carbonate medium before it starts to react to form

uranate, and the concentration maintained by simple ox-

ygen dissolution is not su�cient to initiate oxidation. In

addition, there may be an induction time, before which

oxide ions penetrate the ceramic surface, that is depen-

dent upon both temperature and the concentration of

the oxidising species. For example, Fig. 2 indicates an

induction period of just over 1 h at 723 K and just under

at 773 K. A similar feature may be seen in Fig. 1.

An interesting experiment would be to examine the

surface of samples of ceramic UO2�x after increasing in-

tervals of exposure to oxidation in molten carbonate. It

will then be possible to establish if, when the surface

stoichiometry has become that of the powder, the oxida-

tion rates will be the same. At this time we do not have

the facilities to undertake such investigation.

4. Conclusions

The oxidation of ceramic uranium dioxide is di�erent

from that of the powder, contrary to an earlier conclu-

sion [1], can be achieved in alkali metal carbonate-based

melts, and leads to the formation of alkali metal uran-

ate(VI) species. The reactivity of pure ternary carbonate

with ceramic UO2 was barely detectable and that of car-

bonate±chloride mixtures with the ceramic was found to

be very low: at 1023 K only 6% of the ceramic was ox-

idised after 7 h. Addition of potassium nitrate enabled

complete oxidation of ceramic UO2 samples in 2 h at

873 K in an oxygen bubbled ternary carbonate melt,

and potassium diuranate was the main product. Replac-

ing oxygen with air did not alter the rate and extent of

oxidation of ceramic UO2 within experimental error.

The ceramic form of UO2 is less sensitive towards the

concentration of oxygen species formed upon the disso-

lution of oxygen in the melt, contrary to the ®ndings

reported earlier with UO2 powder [6]. A minimum con-

centration of the oxidising species peroxide/superoxide is
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necessary before stoichiometric ceramic UO2 can be ox-

idised in carbonate melts. Controlled, in situ, generation

of superoxide species in the ternary carbonate melt was

achieved by the reaction of KNO3 with Na2O2 and oxi-

dation of ceramic UO2 then occurred at 723 K. How-

ever, increasing the temperature to 773 K and above

did not further increase the oxidation of the ceramic,

due to thermal decomposition of the peroxide. The reac-

tivity of ceramic UO2 in these melts was nearly an order

of magnitude slower than that of the powder when the

surface areas were ratioed. This di�erence is attributed

to the di�erence in stoichiometry between the ceramic

and powder forms of uranium dioxide, which a�ects

the response and reactivity of UO2 to oxidising agents.
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