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Thermodynamic assessment of the Fe–U, U–Zr and Fe–U–Zr systems
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Abstract

In an attempt to understand the phase formation mechanism at the interface of metal fuel and cladding, the isothermal phase diagrams
and chemical potential diagrams of the Fe–U–Zr ternary system were calculated using the optimized interaction parameters of three
binary subsystems. The Gibbs energies of solution phases and compounds in the Fe–U and U–Zr systems were calculated through an
optimization procedure based on both the experimental thermochemical and phase diagram data. The obtained ternary phase diagrams
were consistent with the experimental data, when the Gibbs energies of formation of ternary compounds; Fe U Zr and0.06 0.71 0.23

Fe U Zr , were assumed to be 23.7|24.3 and 216|217.5 kJ per g-atom, respectively. The calculated chemical potential diagrams0.3 0.3 0.4

described satisfactorily the experimental diffusion path for the U Zr /Fe couple at 923 K.  1998 Elsevier Science S.A.0.8 O.2
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1. Introduction system the assessment done by Servant et al. [4] has been
applied.

The U–Pu–Zr ternary alloy fuel has been developed for
the future commercial fast reactors. Previous study [1]
reported that the melting temperature at the interface 2. Thermodynamic basis and modeling
between U–Pu–Zr fuel and HT-9 cladding can be as low
as 933 K, which is near to the hot spot temperature of the In the previous phase diagram evaluations for the related
ongoing fast reactor design. Since no liquefaction is systems [5–9], the Gibbs energies of mixing of solution
acceptable during the steady state, it is essential to identify phases and the Gibbs energies of formation of compounds
the critical layer that has the lowest liquefaction tempera- were optimized mainly from the phase boundary data, and
ture among the possible interaction layers between fuel and the resulting calculated phase diagrams agreed with the
cladding. Ogata et al. found from their out-of-pile diffusion experimental ones very well. The calculated thermochemi-
examination carried out at 923 K [2] that the diffusion path cal quantities, however, differed from the experimental
of a U–Zr /Fe couple was quite analogous to that of a data. Those differences are due to the fact that the phase
U–Pu–Zr /stainless-steel [3], and that the basic mechanism boundary is not directly corresponded to the Gibbs ener-
of the phase formation, within the interaction layer, can be gies but determined from their relative relationship. To
described using the simpler Fe–U–Zr system. In the calculate the thermochemical quantities adequately as well
present study we attempt to calculate the phase diagram as the phase diagrams, we assess the Fe–U and U–Zr
and the chemical potential diagram for the Fe–U–Zr systems using the Parrot module of the Thermocalc code
system to give a theoretical basis to the U–Zr /Fe inter- [10], where the Gibbs energy optimization can be per-
action. Before constructing the ternary isotherm, the binary formed not only by using the phase diagram data but the
subsystems; Fe–U and U–Zr, have been assessed using the other thermochemical quantities, such as activity, Gibbs
thermochemical and phase diagram data. For the Fe–Zr energy, and heat capacity as well.

The Scientific Group Thermodata Europe (SGTE) phase
stability equations [11] are used for the optimization as the

* thermodynamic functions of the pure components in theirCorresponding author. Tel: 181 33 4802111; fax: 181 33 4802493;
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stable form (SER) are chosen as the reference state. The reference to b-U and a-Fe). The value of 25.1 kJ per
Gibbs energies for metastable states are assumed to be 15 g-atom in Ref. [20] is largely different from those values.
kJ per g-atom higher than SER. The interaction parameters Therefore, we concluded that the thermochemical data
of solution phases are modeled using Redlich–Kister reported in Refs. [18,19] are reliable and reasonable, and
polynomial expression [12]. chose them for the present optimization.

The choice of reasonable initial values is very importantn
ex,f n f n to conduct efficiently the iterative optimization calculation.8G (T ) 5 x x O L (x 2 x ) (1)mix i j i j

n 50 We carried out a preliminary least square calculation based
n f on the phase diagram data to obtain the reasonable initialwhere the interaction parameter, L , is defined as a linear

values of the interaction parameters. Since the liquid phasefunction of temperature. The x and x are the mole fractioni j
covers the wide region of the Fe–U system and has a lot ofof each component. The intermediate phases, such as
equilibriums at invariant temperature, the Gibbs energy ofFe U, FeU and d-UZr , are modeled using a two-sublat-2 6 2
mixing of liquid phase were firstly calculated using thetice model [13] to indicate the nonstoichiometry. The
activity data. In the second step, the Gibbs energy ofGibbs energy of formation per formula unit is given by:
formation of two compounds were optimized using the

f SER ref f id f ex fG 2 H 5 G 1 G 1 G (2) invariant temperatures and the Gibbs energy of Fe U2

formation on the condition that the parameters for liquidwhere
were fixed. The interaction parameters of the bcc, fcc and

ref f f f f f9 99 9 99 9 99 9 99G 5 y y 8G 1 y y 8G 1 y y 8G 1 y y 8G tetragonal phases were then determined using the invarianti j i :j j j j :j i i i :i j j j :i

temperatures. The solubility in orthorhombic-U was esti-(3)
mated to be negligible. Since the solid solubilities of two

id f compounds are unknown, the interaction parameters for9 9 9 9G 5 RT h p[y ln( y ) 1 y ln( y )]i i j j the sublattice were determined by trial and error to
99 99 99 991 q[y ln( y ) 1 y ln( y )]j (4)i i j j represent the reasonable phase boundaries. Finally, all of

the derived parameters were comprehensively optimized
ex,f f f9 9 99 998G 5 [y y ( y 8L 1 y 8L )i j i i, j :i j i, j :j again using those values as the initial input.

f f The calculated Fe–U phase diagram is indicated with99 99 9 91 y y ( y 8L 1 y 8L )] (5)i j i i :i, j j j :i, j
the experimental data in Fig. 1(a). The results are in

9 9 99 99Here, y , y , y and y are the respective site fractions of extremely good agreement with the experimental phasei j i j

the i- and j-components in the two sublattices designated boundaries. Fig. 1(b) indicates the variation of the Fe and
f f f fby ‘‘and’’. The 8L , 8L , 8L and 8L represent the U activities at 1600 K. The open circles indicate thei,i: j i, j: j i,i, j j: i, j

interaction parameters between two components on a given experimental data points. The solid and dotted lines show
sublattice for a given occupancy by one component in the the activities calculated in the present study and the other
other sublattice. calculations, respectively. The present values agree ex-

tremely well with the experimental data where the negative
deviation from the Raoult’s law are observed. The ac-

3. Optimization tivities in the other calculations are, on the other hand,
slightly larger than the experimental data except for the U

3.1. Binary Fe–U and U –Zr systems activity in the U-rich portion. The Gibbs energies of Fe U2

formation at 998 K (eutectic temperature between Fe U2

The Fe-U phase diagram was recently summarized by and FeU ) and 1504 K (melting temperature of Fe U) are6 2

Okamoto [5] taking into account the experimental data summarized in Table 1. The present calculated values are
[14–18]. Concerning the thermochemical data, the activity much closer to the experimental ones at both temperatures,
in the liquid phase [18] and the enthalpy of Fe U forma- especially to the values in Ref. [19]. The other calculated2

tion [19,20] were reported. Unfortunately, large degrees of and estimated values are too positive. Those facts suggest
differences were found among the thermochemical data. that the thermodynamic quantities calculated in the present
Yoshihara and Kanno [19] obtained 220.6 kJ per g-atom study can cover adequately the whole temperature range
for the enthalpy of Fe U formation at 298 K, whereas, that appears in the metallic fuel.2

Akhachinskiy [20] reported 210.8 kJ per g-atom. Accord- For the U–Zr system, the optimization was carried out
ing to Campbell [21], the values in Ref. [19] are consistent in the similar manner with the Fe–U system using the
with the systematic variation between the heats of forma- phase diagram data [23–26], the activity data in the liquid
tion and the metallic radius ratio for the AB -type Laves phase [26] and the heat capacity data [27,28]. The calcu-2

compounds. Furthermore, the Gibbs energy of Fe U lated U–Zr phase diagram is compared with the ex-2

formation at its melting point, 1504 K, reported in Ref. perimental phase boundaries as shown in Fig. 2(a) and the
[18] is 218.4 kJ per g-atom and in quite good accordance result is satisfactory. Fig. 2(b) indicates the calculated
with the value in Ref. [19], 218.5 kJ per g-atom (with activity at 1823 K with the experimental data points and
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Fig. 2. (a) Calculated U–Zr phase diagram as compared with theFig. 1. (a) Calculated Fe–U phase diagram as compared with the
experimental data points. (b) Calculated and experimental activity of Uexperimental data points. (b) Calculated and experimental activity of Fe
and Zr at 1823 K.and U at 1600 K.

the other calculated value. The present calculation reveals l, near the U-rich corner and indicated the composition of
the negative deviation from Raoult’s law and the derived ´ and l to be around Fe U Zr and Fe U Zr ,0.3 0.3 0.4 0.06 0.71 0.23

activity curve for U is close to the experimental values. respectively. We estimated the Gibbs energies of formation
The other calculation is, on the contrary, closer to Raoult’s of ´ and l in the following manner. The hypothetical phase
law but larger than the experimental values. boundaries were firstly calculated using the optimized

parameters for three binary subsystems, assuming no
3.2. Ternary Fe–U –Zr system ternary compound formations and negligible ternary inter-

action parameters. Then, the Gibbs energies for ´ and l

The experimental data for the ternary system are quite were adjusted to reproduce exactly the experimental
limited. A partial isotherm at 1073 K has been reported in tielines.
Ref. [29], where a ternary compound, designated by ´, was Fig. 3 indicates the calculated Fe–U–Zr system at 923
found around the center. A recent annealing and quenching K (typical value for the maximum cladding temperature).
study [30] found another ternary compound, designated by The thin dotted and solid lines correspond to the hypotheti-

cal and modified phase boundaries. The bold dotted lines
Table 1 indicate the experimental diffusion path. Based on the
Gibbs energy of Fe U formation (with reference state to b-U and a-Fe)2 experimental data [29,30], the following tielines were
Temperature Gibbs energy of Fe U formation (kJ per g-atom) considered to exist in the Fe–U–Zr triangle: from FeU to2 6
(K) Fe Zr, from FeU to ´, from orthorhombic-U to ´, and2 6

from l to ´. The Gibbs energies of formation of ´ and l,998 220.1 217.9 220.0 213.0 214.7 25.4
1504 218.8 218.4 218.5 213.4 215.7 23.1 were, therefore, estimated by trial and error to be 216|2
Method Calc. Exp. Exp. Est. Calc. Calc. 17. 5 and 23.7|24.3 kJ per g-atom with respect to SER,
Reference This study [18] [19] [22] [5] [6] respectively, when the tielines noted above are maintained.
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Fig. 3. Calculated Fe–U–Zr ternary isothermal section at 923 K,
assuming that ´- and l-phases exist. Thin dotted lines indicate the
hypothetical tielines and the bold dotted lines correspond to the ex-

Fig. 4. Chemical potential diagram of the Fe–U–Zr system at 923 K.perimental diffusion path quoted from Ref. [2].
Dotted line indicates the experimental diffusion path quoted from Ref.
[2].

If the Gibbs energy of ´ were significantly more negative
than the estimated value, the observed tieline, from FeU6

to Fe Zr, should be exchanged to another tieline, from ´ to Fe U and FeU exists even in the U–Zr /Fe diffusion path2 2 6

Fe U, which is inconsistent with the experimental observa- and the liquefaction temperature is, therefore, estimated to2

tion. On the contrary, if it were significantly positive, than be almost the same as the eutectic point of the Fe–U
the estimated value, ´ should disappear from the diagram. system (998 K), indicating that the significant decrease in
These two extremes correspond to the variation in the the liquefaction temperature observed in the U–Pu–Zr /
Gibbs energy of formation of ´ within 1.5 kJ per g-atom. HT-9 couple is considered to originate from the contribu-
A similar situation occurred for l, and the error is tion of Pu. Further study for the Pu containing system is
estimated to be within 0.6 kJ per g-atom. required to determine the exact liquefaction temperature of

metal fuel /cladding interaction.
Some layers were found in the diffusion test next to the

4. Discussion Fe U/FeU layer, however, the compositions were not2 6

clearly identified because very fine grains were dispersed
The chemical potential diagram indicates the activity of in the layers. They were estimated in the present calcula-

each component in the existing phases. To explain thermo- tion to be FeU /Fe Zr, FeU , ´ /orth.-U, and l /orth.-U6 2 6

dynamically the experimental diffusion path shown as a layers. Those layers are drawn as lines in Fig. 4 where the
dotted line in Fig. 3(b), we tried to construct a chemical activities of all components vary monotonously.
potential diagram for the Fe–U–Zr system. The results are
shown in Fig. 4 with the experimental diffusion path. The
horizontal and vertical axis are the activity of U and Zr,
respectively. A single-phase region is represented by a 5. Summary
plane in the ternary chemical potential diagram, because
they are treated as stoichiometric compounds. Two-phase Taking into account not only the phase diagram data but
and three-phase regions are indicated as lines and points, the thermochemical data, the thermodynamic assessment
respectively, due to the phase rule. The values given in the for the Fe–U and U–Zr binary systems was carried out to
figure correspond to the activity of Fe in each three-phase obtain an optimized set of interaction parameters. The
region. calculated phase diagrams and thermochemical data were

In the diffusion test, two kinds of layer with negligible quite satisfactory with regard to the experimental data. A
amount of Zr were observed in the Fe-rich side and they reasonable Fe–U–Zr ternary phase diagram was then
were identified to be Fe U single-phase and Fe U/FeU drawn using the parameters of binary subsystems and the2 2 6

two-phase layers, respectively. Those layers correspond to estimated Gibbs energies of two ternary compounds. The
the line from the origin to the two-phase region of Fe U chemical potential diagram described reasonably the ex-2

and FeU in Fig. 4. The two-phase layer consisting of perimental diffusion path.6
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