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Melting behaviour of oxide systems for heterogeneous transmutation 
of actinides. I. The systems Pu-A1-O and Pu-Mg-O 
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Abstract  

The melting behaviour of the systems MgO-PuO2_ x and A1203-PuO2_ x were studied using the CALPHAD method. 
According to the results of the phase diagram calculations, the temperature at which a liquid starts to form, ranges from 2341 
to 2503 K for the system MgO-PuOE_x, and from 2049 to 2183 K for the system A1203-PuO2_x, when the oxygen 
content of PuO2_ x changes from 1.61 to 2. © 1997 Elsevier Science B.V. 

1. Introduct ion 

Partitioning and transmutation is considered to be a 
complementary option in the management of the waste 
from nuclear power generation [1]. In this process the 
radionuclides are separated from the spent fuel, followed 
by fission or transmutation in reactors or accelerators. As 
the long-term radiotoxicity of the fission products is much 
less than that of the actinides after about 250 years, a 
substantial reduction of the radiotoxicity of the waste can 
be achieved. 

Plutonium is one of the actinides formed by neutron 
capture in 238U during irradiation of UO 2 in nuclear power 
plants. Efficient partitioning of plutonium from the spent 
fuel has already been realized in present commercial 
PUREX (plutonium reprocessing and extraction) installa- 
tions. For the fabrication of fuels for transmutation, two 
ways are considered: homogeneous mixing in fresh MOX 
(mixed oxide) fuel, and heterogeneous dispersion in an 
inert support material. Some oxides, such as aluminium 
oxide, magnesium oxide and spinel, are appropriate candi- 
date inert matrix materials for heterogeneous transmutation 
based on an evaluation of some of their physico-chemical 

and neutronic properties [1-3]. Among these properties the 
melting behaviour is extremely important. An inert-matrix 
fuel should have a high melting temperature, preferably 
above 2273 K to avoid melting of the fuel during power 
ramps. Consequently, the knowledge of the phase equilib- 
ria of fuels consisting of plutonium oxides and inert matrix 
oxides is of great importance. 

There exists only limited thermodynamic information 
about the systems containing plutonium oxides. This is 
probably due to the experimental difficulties arising from 
the relatively high radiotoxicity and chemicotoxicity of 
plutonium compounds. In some studies, however, cerium 
has been used as a substitute for plutonium [4,5]. In the 
present study the CALPHAD technique (computer cou- 
pling of phase diagrams and thermochemistry) will be used 
to calculate the phase equilibria in the systems formed by 
cerium dioxide, aluminium oxide, magnesium oxide, and 
plutonium oxides. On the basis of the results obtained, 
conclusions will be presented with respect to the melting 
behaviour of the oxide systems MgO-PuO2_ x and 
A1203-PUO2_ x- 
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2.1. P u O I . 5 - P u O  2 

The plutonium-oxygen system is a basic system for 
evaluation of the systems containing plutonium oxides, 
because the chemical potential of oxygen can influence the 
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Table 1 
Special points in the PuO] ~-Pu()2 system 

Special points O/Pu  T (exp.) (K) T (ass.) (K) Ref. 

M.p. of PuO I ~ 1.50 2358 + 25 [9] 
1.50 2353 [10] 

Solidus of PuO I ~,l 1.61 2573 [ 12] 
Liquidus of PuO I ~,2 1.62 2553 + 30 [I 3] 

1.62 2553 + 20 [14] 
M.p. ofPuO 2 , ( 2 - . ~  1.61) 1.61 2573 [15,16] 
M.p. of PuO~ 61 1.61 2573 ± 40 present work 
M.p. of PuO, 2.1)(I 2663 ± 40 [9] 

2.00 2698 ± 25 [10] 
Eutectic point 1.53 2273 [ I 0] 

1.52 2247 present work :' 
Maximum point in solidus and liquidus lines 1.75 274(/ [19] 

[.77 2748 present work ~' 

~' See Section 4.1.1. 

phase equilibria. The P u - O  system was reviewed in Refs. 
[6-10]. The high temperature part of the Pu O phase 
diagram in Ref. [10] is shown in Fig. 1 2 In the system 
several phases have been identified: hexagonal (bex) 
Pu01. 5, bcc PuOi.52, bcc PuO~.~,~ and fcc PuO~ ~. 

Table I lists some special points in the P u - O  system. 
The bcc PuOi.s 2 phase can only exist below 723 K [10]. 
The bcc PuOl.6~ phase can only exist below 1450 K [11] 
above which it is the stable region of the fcc PuO 2 , 
phase with the homogeneous field of 0 _< x _< 0.39. The fcc 
phase of PuO~.6~ is a boundary phase of PuO 2 , at the 
lower limiting oxygen content 1.61. PuOL, t is a nonstoi- 
chiometric phase, it has no congruent melting point in 
principle. Nevertheless it can be reasonably treated as a 
line compound based on the experimental information in 
Refs. [12-16] (see Table 1). A value of 2573 _+ 40 K can 
be recommended as the 'melting point '  of PuOt.~, ~ (also 
Ref. [17]). The melting points of PuO 2 given in the 
assessments [9,10] are consistent with each other within 
the range of uncertainty. 

According to Ref. [10] there is a eutectic point between 
PuO]. 5 and PuO 2 , at 2273 K and O / P u =  1.53 (60.5 
at.% O) by estimation. This eutectic temperature is the 
mathematical mean of the values 2243 K [20] and 2303 K 
[14] which was arbitrarily selected. In Ref. [10] the liq- 
uidus and solidus lines between PuO 2 and this eutectic 
point were tentatively drawn as continuously decreasing 
curves. However, according to available experimental 
solidus and liquidus data of PuO 2 , (see Table 2), there is 
a maximum at about 2740 K and O / P u  = 1.75 [18,19], 
which opposes the shapes of the solidus curve and the 
liquidus curve given in Ref. [10]. The data obtained in 
Refs. [18,19] were measured by an automatic optical py- 
rometer, their previous data based on visual observation in 

2 It should be noted that this figure contains some errors. 

Ref. [12] were not selected because of their large scatter- 
ing. In addition, another two points were found in Ref. [8]. 

2.2. MgO-CeO 2 

The liquidus temperatures of the system M g O - C e O  2 
were determined by using an argon plasma jet with an 
optical pyrometer [21]. In the study X-ray diffraction was 
used to examine the crystalline phases; the change in the 
lattice parameter was used to determine the solid solubility 
o f  MgO in CeO 2. in the argon plasma, molten CeO 2 was 
partially reduced to Ce20  3. Thus the liquidus data ob- 
tained are actually those for the ternary MgO-CeO 2- 
Ce20  3 system. It is assumed that, since CeO 2 was reduced 
only by a small amount, the determined liquidus tempera- 
tures is close to those of the M g O - C e O  2 system. The 
determined eutectic point of the system is at 2733 + 50 K 
and 30 tool% CeO 2. 

2.3. MgO-Pu02 

The MgO-PuO 2 system was found to be simply eutec- 
tic with limited solid solubility of MgO in PuO 2 [22]. In 
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Fig. 1. A part of the Pu-O phase diagram [10]. 
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Table 2 
Liquidus and solidus data for the system PuO1. 5 -PuO 2 

Composition, Solidus temp. Liquidus temp. Ref. 
O/Pu (K) (K) 

1.66 2708 [8] 
1.68 2678 [8] 
1.731 2743 2743 [18,19] 
1.785 2740 2745 [18,19] 
1.846 2718 2743 [18,19] 

study the thermodynamic data used for CeO2, P u O i . 5 ,  

P u O i . 6 1 ( s )  and PuO 2 are from ECN-Tbase. The data for 
the liquid PuOk61 are estimated (see Appendix A). Those 
used for MgO and A120 3 are from SGTE [26] considering 
that the essential data for MgO and AI20 3 in SGTE and in 
ECN-Thase are both based on CODATA, and that the 
thermodynamic assessment of the system MgO-A120 3 by 
Hallstedt [26] will be utilized for further study of the 
ternary system MgO-AI203-PuO 2. The data for the 
metastable MgO(fcc) phase are from Ref. [27]. 

the investigation [22], the eutectic point was determined by 
melting a range of compositions in air, and identifying the 
primary phases present by metallography. X-ray diffraction 
and microprobe analyses were used to determine the termi- 
nal solid solubility. The oxygen content of plutonium 
oxide in the samples was confirmed unchanged. The exper- 
imental uncertainty of the eutectic temperature 2533 + 30 
K at 40 mol% PuO 2 may be actually larger, because 
temperatures above 2313 K were extrapolated from cali- 
bration curves of the optical pyrometer employed. 

4. Phase diagram calculation 

The least-square optimization programs BINGSS and 
B1NFKT [28,29] were used to perform the thermodynamic 
phase diagram optimization of binary systems. Phase dia- 
grams were then generated using the program MTDATA 
[30] with the model parameters obtained in the optimiza- 
tion. In ternary phase diagram calculations, the Muggianu 
method [31] was used. 

2.4. M g O - P u O  2 _ x 4.1. Binary systems 

The phase diagram of the system MgO-PuO2_ x was 
proposed in Ref. [16] based on photomicrographs of molten 
specimens of various compositions. It is a simple eutectic 
one, with the eutectic point at 43 mol% MgO and 2258 ___ 
35 K. This eutectic temperature was previously reported as 
2373 K at the same composition [15]. The difference is 
probably due to the scattering of the liquidus data obtained 
in the same investigator's different research courses. It 
must be pointed out that the eutectic composition was 
erroneously cited as 43 mol% PuO 2 by several authors 
[7,23,24]. Since the determination was carried out in a dry 
helium atmosphere, the starting material PuO 2 was easily 
reduced to PuO1.61 ( 2 - x =  1.61) (see Refs. [17,22]). 
Therefore the phase diagrams determined in the works 
[15,16] are actually for the system MgO-PuOi.6r 

2.5. A I 2 0 3 - P u O  2 

The phase diagram of the system A12Oa-PuO 2 was 
found to be a simple eutectic one [22]. The eutectic point is 
at 2183 + 15 K and 42 mol% PuO 2. Unlike the system 
MgO-PuO 2, no significant solid solubility was found in 
this system. 

3. Thermodynamic data of pure oxides 

In thermodynamic analysis, consistent and reliable ther- 
modynamic data of substances should be selected. At ECN 
thermodynamic data of a number of nuclear materials were 
critically assessed and stored in the thermodynamic 
database, ECN-Tbase [9,25]. Therefore, in the present 

4.1.1. PuOI.61-PuO 2 
Because experimental information of this system is 

limited (see Section 2.1), PuO1.61 and PuO 2 are considered 
to be line compounds and the P u O I . 6 1 - P u O 2  system is 
assumed to be an ideal solid solution (i.e., the fcc PuO2_ x 
phase), considering that PuO1.61 and PuO 2 have related 
crystal structures. A sub-regular solution model can be 
used to model the liquid phase. From the optimization the 
solution model parameters can be obtained (Ref. [17]). 

The calculated phase diagram is shown in Fig. 2. The 
calculated maximum point in the liquidus and solidus lines 
(2748 K and O/Pu = 1.77) is consistent with the literature 
[19]. Though the two points from Ref. [8] were not used in 
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the parameter optimization. they are well predicted by the 

calculation. 

4.1.2. MgO-00, 
In this system the fee CeO, phase can dissolve a 

certain amount of MgO and forms a terminal solid solution 
[21]. It can be modelled as a regular solid solution of 

MgO(fcc) and CeO,(fccl. 
An association model [32] was chosen to model the 

liquid phase of the system. The associate 2MgO. CeO,(l) 

was assumed to form in the liquid phase by trial and error. 
The solution model parameters, one for the FCC solid 
solution and four for the liquid phase, can be obtained 
from the optimization (Ref. [ 171). Fig. 3 shows the calcu- 

lated phase diagram of the system. It can be seen that the 
calculation fits the experiments fairly well. The point on 
the left side could not be modelled either with the associa- 
tion model or with a Redlich-Kister polynomial. 

4.1.3. MgO-PUO, 

Because there are only one eutectic data point and one 
solubility data point available for this system [22], only 
one model parameter for the solid solution and two inde- 
pendent model parameters for the liquid phase can be 
optimized. In this case the terminal solid solution of the 
MgO-PuO, system was modelled as a regular solution of 
MgO(fcc) and PuO,(fccl. The association model [32] was 
used to model the liquid phase. In order to obtain all four 
association model parameters from optimization, the liquid 
association model parameters of the system MgO-CeO? 
were transposed to the system MgO-PuO,. Considering 
that CeO, is a suitable substitute for PuO, [4], the follow- 
ing assumptions were made: 

* the interaction parameters between the species in the 
liquid phase of the MgO-PuO, system are proportional to 
those of the system MgO-CeO,: 

* the difference between the Gibbs energies of forma- 
tion from the constituent oxides of the two liquid associ- 
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Fig. 3. Calculated phase diagram of the system M&O-GO,. Fig. 5. Calculated phase diagram of the system MgO-PuO, (,, 

2200 
00 

kl0 

Fig. 3. Calculated phase diagram of the system MgO-PuOz 

ates, 2MgO CeO, and 2MgO. PuO,, is independent of 
temperature. 

The eutectic temperature T,,, = 2533 k 30 K at 40 
mol% PuO, [22] was adjusted to T,,, = 2503 K in order to 
make the optimization successful. This adjustment is rea- 
sonable since the adjusted temperature is still within the 

experimental error. Solution model parameters were then 
optimized (Ref. [17]). The calculated phase diagram (Fig. 
4) shows that the liquidus curve on the MgO-side de- 
creases steeply with the addition of PuO,, whereas that on 
the PuO,-side decreases gradually with the addition of 
MgO. 

4.1.4. MgO-PUO, 0, 

The MgO-PuO , 6, system is a simple eutectic one (see 
Section 2.4). The liquid phase of the system can be 
modelled as a sub-regular solution model (Ref. [17]). Fig. 
5 is the calculated phase diagram of the system. The 
calculated eutectic composition, 54 mol% PuO, 6,, is close 
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to the 57 mol% given in Ref. [16]. The calculated eutectic 
temperature 2341 K is between the values of 2258 K [16] 
and 2373 K [15]. 

4.1.5. AI203-PuO 2 
According to Ref. [22], the A1203-PuO 2 system is a 

simple eutectic one. The liquid phase can be modelled with 
a sub-regular solution model (Ref. [17]). The calculated 
phase diagram is shown in Fig. 6. 

4.1.6. AI203-PuOI.61 
No experimental information about the phase equilibria 

in this system is available. It is assumed that the A l203-  
PuOl.61 system is simply eutectic like the A1EO3-PuO2 
one, and that the liquid phase behaves ideally. With this 
assumption, the eutectic point was calculated to be at 2049 

K and 52 mol% PuOL6 r 

4.1.7. Summary of eutectic points 
The eutectic points of the above binary systems are 

summarized in Table 3 which shows that the calculated 
values are consistent with the experimental values. 

Table 3 
Summary of the eutectic points 

System(l)-(2) mol% (2) T (calc.) T (expt.) Ref. 
(K) (K) calc. expt. 

MgO-CeO 2 30 30 2362 2373_ 50 [21] 
MgO-PuO 2 40 40 2503 2533+30 [22] 
MgO-PuOt.61 54 57 2341  2258-t-35 [16] 

54 57 2341 2373 [15] 
A1203-PuO2 42 42 2183 2183+ 15 [22] 
AI203-PuO161 52 2049 

4.2. Ternary systems 

4.2.1. MgO-PuOt.61-PuO 2 
The isothermal sections of the MgO-PuO].6=-PuO 2 

system were calculated from 2200 to 3100 K. According to 
the calculations, liquid is present in some phase fields of 
the system above 2341 K. The calculated isothermal phase 
diagram at 2450 K (Fig. 7) shows that when the mole ratio 
of PuO 2 to PuOi.61 is less than 0.5/0.5 = 1.0, or the 
oxygen content of PuO2_ x is less than 1.81, a liquid starts 
to form from the fcc + halite mixture. Fig. 8 shows a 
temperature vs. composition section in the ternary phase 
diagram (isopleth T-x diagram) of the pseudo-binary sys- 
tem MgO-PuO] .s r  It can be seen from Fig. 8 that in the 
pseudo-binary system a liquid starts to form from the 
fcc + halite mixture when the temperature reaches 2450 K. 
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2150 K in order to prevent the occurrence of liquid at the 
oxygen content 1.87. 

Thus, in order to avoid the occurrence of a liquid, the 
oxygen content of PuO 2 ~ should be higher than 1.81 at 
2450 K, or the temperature should be lower than 2450 K at 
the oxygen content 1.81. 

4.2.2• AI203-PuOI.oI-PuO: 
The isothermal sections of the Al203-PuO] .6rPuO2 

system were calculated from 2000 to 2450 K. According to 
the calculations, liquid is present in some phase fields of 
the system at temperatures above 2049 K. Fig. 9 shows the 
calculated phase diagram at 2150 K. According to Fig. 9, 
at 2150 K the mole ratio of PuO 2 to PuO].61 should be 
greater than 0•67/0 .33 = 2.0, or the oxygen content of 
PuO 2_.~ should be greater than 1.87 in order to prevent the 
occurrence of liquid. Fig. 10 shows the isopleth T x  
diagram of the A1203-PUOh87 pseudo-binary system, ac- 
cording to which the temperature should be lower than 
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5. Discussion and conclusion 

From the isopleth T-x diagram calculations of the 

ternary systems M g O - P u O t . , i - P u O  2 and A120 3- 
PuO~ 6t-PuO2, the temperatures at which a liquid starts to 
form in the systems MgO-PuOz , and AI203-PuO 2 , 
can be obtained, as shown in Fig. 1 I. This temperature is 
referred to as the 'melting temperature' of the system 
hereafter. 

At thermodynamic equilibrium, the oxygen content of 
PuO 2 , is determined by the oxygen potential at that 
temperature. Using the assessments of the oxygen potential 
of PuO 2 ~ given in Refs. [33,34], the oxygen potential at a 
certain temperature and a certain oxygen content can be 
calculated. It was proved according to these calculations 
that the equilibrium oxygen pressure of PuO 2 ~ is much 
higher than the dissociation pressure of MgO (or A1203), 
thus the oxygen potential over a MgO + PuO 2 ~ mixture 
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(or an A120 3 + PuO2_ x mixture) is actually dominated by 
the oxygen potential of PuO2_ x. As a result, we can 
calculate the variation of the 'melting temperature' with 
the oxygen potential, as shown in Fig. 12. 

The following regression equations can represent the 
curves in Figs. I I and 12 very well. For the system 
MgO-PuO2-  x: 

Tm/K = - 688 + 3053(O/Pu)  - 729(O/Pu)  2 

(1.61 < ( O / P u )  _< 2),  ( l )  

Tm/K = 2477 + 8.871og( P ( O 2 ) / P a  ) 

- 2.06 [log( p ( O 2 ) / P a ) ]  2 

+ 0.27 [log( p (O 2 ) / P a )  ] 3 

( - 5 . 0 3  < log( p ( O 2 ) / a a  ) _< 5.01);  (2) 

and for the system A1203-PuO2_x: 

Tm/K = 440 + 1524 (0 /Pu )  - 3 2 6 ( 0 / P u )  2 

(1.61 < ( O / P u )  < 2), (3) 

Tm/K = 2172 + 3.77 log( P ( O 2 ) / P a  ) 

- 0.74[1og( P ( O 2 ) / P a ) ]  2 

+ 0.093 [log( p (O 2 ) / P a ) ]  3 

( - 7 . 8 6  < log( P ( O 2 ) / P a  ) < 5.01). (4) 

Fig. 11 shows that the 'melting temperature' increases 
with the oxygen content of plutonium oxide. Below the 
'melting temperature' the matrix oxide coexists with pluto- 
nium oxide, above this temperature the solids melt. The 
'melting temperature' of the MgO-PuO2_ x system is 
higher than that of the A I 2 0 3 - P u O 2 _  x system by 280 to 
320 K when O / P u  changes from 1.61 to 2. Fig. 12 shows 
that the 'melting temperature' increases strongly with the 
oxygen potential at first, but when the oxygen pressure 
reaches about l Pa, the increase of the 'melting tempera- 
ture' levels off. In the process of heterogeneous transmuta- 
tion of plutonium, the temperature of the fuel increases due 
to the decrease of the thermal conductivity resulting from 
the accumulation of fission products and radiation damage. 
As long as the temperature remains below the values given 
by the 'melting temperature' curve in Figs. I I and 12, 
liquid formation is avoided. Consequently it is expected 
that melting does not occur when the temperature of the 
fuel remains below the values given in Eqs. ( l )  and (2) for 
the MgO-PuO2_ x system, and the values given in Eqs. (3) 
and (4) for the AI2Oa-PuO2_ x system. 

Table 4 
Melting properties of plutonium oxides 

Oxide PuO I. 5 PuO2 

Number of atoms 2.5 3 
T m (K) 23585:25 2663 + 40 
Afu~H ° (kJ mol- i) 56.5 +20 67+ 15 
Afu s H°/RTm 2.882 3.026 
Ref. [9] [9] 

However, as can be seen from Table 4 this equation is not 
precisely valid, especially for PuOLs. Therefore, a linear 
interpolation between the values of ArusH°/RT m of PuO 2 
and PuOL5 is used to estimate that of PuOL6 ], 

Afo~H°/RTm = 2.882 + (3.026 - 2.882) × (1.61 - 1.5) 

/ ( 2  - 1.5) = 2.914, (A.2) 

which results in 

AfusH ° = 2.914RTm=2.914 × 8.314 X 2573 

= 62336 J tool-  i. (A.3)  

Considering the errors in Afus H0 of PuO 2 and PuO1. 5 [9], 
we take the value of Afus H ° =  62 _+ 20 kJ mol - I  which 
results in AfusS° = 24.1 _+ 8.0 J K - t  mol - I .  

A.2. C°(PuOL6/l)) 

It is assumed that the difference between the heat 
capacities of liquid PuO 2 and liquid PuO[.6~ is equal to 
that between the heat capacities of solid PuO 2 and solid 
PuO1.61 at the melting point of PuOL6 j, 

C°[PuO2(1)] -- C°[PuO,.6,(1)] 

= C°[PuO2(s)]  - C°[PuO,.6,(s)] .  (A.4)  

The value for C°[PuO2(s) l -  C°[PnO1.61(s)] at the melting 
point of PuO~.6~ (2573 K) is calculated to be 6.14 J K -1 
m o l - i  using the thermodynamic data in ECN-Tbase [9]. 
Therefore, 

C°[PuO1.61(I)] = C°[PuO2(I)]  -- 6.14 

= 1 3 1 - 6 . 1 4 - - 1 2 5 J K  -1 tool i, 

(A.5) 

where C°[PuO2(l)] = 131 J K-J  mol - i  is also taken from 
ECN-Thase [9]. 
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