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Abstract 

Free energy and heat capacity of actinide elements and compounds are important 
properties for the evaluation of the safety and reliable performance of nuclear fuel. 
They are essential inputs for models that describe complex phenomena that 
govern the behaviour of actinide compounds during nuclear fuels fabrication and 
irradiation. This chapter introduces various experimental methods to measure free 
energy and heat capacity to serve as inputs for models and to validate computer 
simulations. This is followed by a discussion of computer simulation of these 
properties, and recent simulations of thermophysical properties of nuclear fuel are 
briefly reviewed. 

Introduction 

During the operation of nuclear fuel under normal or accident condition, such as loss of 
coolant, several interacting mechanisms determine the changes in the chemical and 
physical condition of the fuel. There are calculation codes for describing the fuel 
behaviour that contain individual models for describing each chemical interaction. Free 
energy and heat capacity are essential parameters for these models. The former can 
indicate the chemical stability for various species and provide the driving force to change 
the chemical condition. The latter is directly related to heat transfer or temperature 
variation in the fuel. Reliable determination of free energy and heat capacity are important 
for improving the accuracy of numerical thermodynamic modelling. In the case of 
calculation of phase diagrams, the numerical solution model is introduced to evaluate the 
free energy of mixing for solution phases and the free energy of formation for 
compounds. These values can be calculated only from phase boundary data, such as 
liquidus/solidus. Furthermore, ab initio and classical molecular dynamics (MD) can be 
used to evaluate heat capacity and free energy. The accuracy is enhanced if reliable free 
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energy data can be obtained using experimental methods, such as vapour pressure and 
electro-motive force. In the following sections, major experimental methods are 
introduced with a discussion of experimental error in each method, which is important 
from the viewpoint of a thermodynamic database. Computational methods are then 
discussed with a review of recent MD simulations of free energy and heat capacity. 

Heat capacity 

Adiabatic calorimetry is generally applied for measuring low-temperature heat capacity 
and, on the other hand, drop calorimetry, differential scanning calorimetry or laser flash 
method for high temperatures. Work up to 1975 has been reviewed by F.L. Oetting  
et al. [1] and further studies were reviewed by J.W. Ward et al. [2] and by R.J.M. Konings 
et al. [3]. Heat capacity of actinide elements through Es at 298 K is summarised in Table 1.  

Table 1. Heat capacity of actinide elements (at 298 K, J/K/mol) 

 

 

There are several methods for measuring the high-temperature heat capacity. Figure 1 
indicates a schematic image of the drop calorimetry method. Two systems are considered. 
The first system is constructed as follows:  

• a sample at a prescribed high temperature is dropped into a low temperature heat 
sink; 

• a decrease in enthalpy is measured via the small variation in heat flow from the heat 
sink to the sample.  

 
Figure 1. Schematic image of drop calorimetry using a Pt-container to avoid  

interaction of sample and atmosphere or crucible 

 

Ac Th Pa U Np Pu Am Cm Bk Cf Es
solid 26 26.23 28.2 27.66 29.62 31.49 25.5 28.8 26.1 28.0 26.7
gas 20.82 20.79 22.91 23.69 20.82 20.85 20.79 28.11 20.79 20.79 20.79

Platinum 
container

AmO2 or AmO1.5
samples

AmO2 AmO1.5

Weight (mg) 72.80 61.77

Pt weight (mg) 489.77 357.64

Twin-type drop calorimeter
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The second system is: (i) a sample at room temperature is dropped into a high-
temperature heat sink maintained at a prescribed temperatures, (ii) an increase in enthalpy 
is measured. Figure 1 indicates the latter system. Since this method gives a relationship 
between heat capacity and temperature, the specific heat capacity can be calculated. The 
enthalpy for phase transition can also be evaluated. However, the temperature 
measurement is discontinuous and this method needs a long time, and generates only a 
few data points per day. Major concerns of the drop calorimetry method are (i) heat 
transfer between the sample and atmosphere during the drop process and (ii) chemical 
interaction between sample and atmosphere or crucible. Sample damage can be avoided 
by encapsulating the sample in a small container made by platinum. However, it decreases 
the accuracy of measurement because one has to compensate for the variation in the 
container material. 

Figure 2. Variation in heat flow just after drop-in Am2O3 sample into a heat 

 

Figure 2 shows an example of the variation in the heat flow into the sample just after 
the drop-in. The heat flow is evaluated from accurate measurement of the difference in 
temperature between the sample and the reference. As for the reference material, 
chemically stable materials, such as alumina, are generally used. The heat flow decreases 
abruptly just after the drop-in of the sample into the heat sink. Then, it recovers by heat 
transfer from the heat sink surrounding the sample. The heat capacity is calculated from 
the sample weight and the area originated from the variation in the heat flow. 

Regarding Differential Scanning Calorimetry (DSC), there are two methods, namely 
power-compensation and heat-flux systems. Since relatively high temperature is necessary 
in the case of nuclear materials, the heat-flux system method is generally used. Figure 3 
shows a schematic of the working principle of Differential Thermal Analysis (DTA) and 
DSCs [5]. The system of the heat-flux DSC is mostly similar to that of DTA, except for 
the preparation of the heat sink surrounding the sample and the reference. The 
temperature of the entire system is gradually changed with a fixed rate and the difference 
in temperature between sample and reference is continuously measured using 
thermocouples. If the heat flow is forced to occur only between the sample or the 
reference and the heat sink, the difference in the heat-flux, δq/δt, can be evaluated from 
∆T/R in case of the heat-flux DSC, in which R indicates thermal resistance between the 
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reference and the heat sink. On the other hand, δq/δt can be directly measured in the case 
of the power-compensation DSC. 

Figure 3. Schematic diagram of working principle of DTA and DSCs [5] 

 

Figure 4 shows an example of DSC-measurement, in which a relationship is drawn 
between the heat flow, ∆T/R, and time [6]. When increasing temperature by a fixed 
temperature interval, the heat flows to the sample (UN: uranium nitride) and the reference 
(Al2O3) are measured respectively. The difference in the variation is drawn in the figure 
with respect to the baseline, which was drawn from the measurement of an empty 
tantalum crucible. Provided that the heat capacity of the reference material is already 
known, the heat capacity of the sample can be calculated from these variations and the 
sample weights. It must be ensured that the heat capacity evaluated in this manner is an 
averaged value in each temperature range. The major experimental concern is how to 
prepare the closed system. Usually, an empirical constant, which depends on the 
apparatus, is introduced from the measurement of the reference material. Nevertheless, in 
the case of high temperature, usually greater than ~1 000 K, the accuracy of measurement 
decreases significantly due to heat loss. 

Figure 4. Variation in heat flow of sample and reference when increasing  
temperature form 323 K to 426 K [6] 
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There is another method for measuring the heat capacity, which uses a laser flash [7]. 
Figure 5 shows the principle. A small amount of heat absorber material, such as glassy 
carbon, is pasted on the front surface of the reference material with known heat capacity. 
The temperature increase is measured based on the response on the rear surface of the 
sample after laser beam irradiation. The heat induced by the laser beam, Q, is calculated 
from the heat capacity of the reference material and temperature increase (∆T). Then, the 
sample is measured in a similar manner. The heat capacity is calculated from Q/∆T. In the 
high-temperature condition, the correction of heat loss is necessary for reference and 
sample. In Figure 6, black solid circles indicate the data obtained by the laser flash method. 
Open circles indicate the data measured by DSC. Both values are mostly overlapped. 

Figure 5. Principle of laser flash method for measuring heat capacity [7] 

Figure 6. Heat capacity of UO2 measured by laser flash method [7] 
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Free energy 

Classical methods for measuring free energy include electro-motive force measurement, 
Knudsen cell method, and chemical equilibrium method. Figure 7 illustrates experimental 
apparatus for measuring the oxygen potential using a zirconia solid electrolyte [8]. By 
coupling a zirconia plate and an oxide sample, the variation in the electro-motive force 
can be measured as a function of temperature. Oxygen potential or the partial free energy 
of formation of the oxide is evaluated using the following equation: 

∆G(O2) = RTlnP(O2) (sample) = nFE + RTlnP(O2) (air) 

Here ∆G(O2) is the oxygen potential, R gas constant, T temperature (K), P(O2) oxygen 
partial pressure, F Faraday constant, and E electro-motive force (V).  

Figure 7. Oxygen potential measurement system by the EMF-method [8] 

 

Figure 8 shows an example of experimental data for the measurement of the oxygen 
potential using the EMF-method [9]. Variation in the oxygen potential is given as a 
function of the O/M ratio of the oxide. The gradual change in the value indicates that the 
sample consists of a single phase. When the oxygen potential is maintained at any fixed 
value, it is supposed that two phases exist at that condition. The most important concern 
of this method is how to determine the accurate O/M ratio of the sample. The degree of 
the error on the O/M is far larger than that of the oxygen potential value. When 
comparing the data given in the literature, the accuracy on the O/M ratio is extremely 
important. 

Figure 8. Oxygen potential of Am-Np mixed oxide as a function of O/M at 1 333 K 
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Figure 9 illustrates an example of the system using a molten salt bath as an electrolyte, 
in which various electrodes are inserted to measure potentials. In the present example, a 
small amount of uranium metal was deposited by electrolysis on the surface of zirconium 
plate to form a uranium-zirconium compound. Then, the electro-motive force was 
determined from the difference in the electrode potential between the uranium-zirconium 
compound and the uranium metal. This value gives the free energy of formation of the 
compound. 

Figure 9. EMF-measurement system using a molten salt 

 

Table 2 summarises the experimental result [10], in which various thermodynamic 
properties of the uranium-zirconium compound are given, such as the electro-motive 
force, partial free energy of formation, activity of uranium, partial entropy and partial 
enthalpy. As given in the table, the electro-motive force values in the present example are 
very small, of the order of mV. This may cause a relatively larger experimental error for 
the free energy in comparison to cases with a larger value. 

Table 2. Thermodynamic properties of U-Zr compound, δ-phase 

T(K) Ed (mV vs. U3+/U (kJ mol-1 U) aU (J K-1 mol-1 U) (kJ mol-1 U) 
700.1 5.71 -1.65 0.753   
743.6 4.51 -1.31 0.810   
758.1 3.71 -1.07 0.843 -8.56 -7.62 
775.0 3.46 -1.00 0.856   
800.5 2.23 -0.645 0.908   
839.0 1.82 -0.527 0.927   

 

Figure 10 shows the schematic image of the Knudsen cell. In a fixed temperature 
condition, a small amount of volatilised species is discharged from the sample and 
introduced into a mass-spectrometer thorough an orifice. Variation in mass of the 
volatilized species can be detected. 
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Figure 10. Schematic image of Knudsen cell method 

 

Figure 11 indicates an example of the result for the vapour pressure measurement of 
americium-plutonium binary alloy [11]. The vapour pressure of americium in the alloy is 
approximately one order smaller than that of pure americium metal. Considering the 
concentration of americium in the sample, americium and plutonium are expected to be 
soluble as a regular solution. The slope of the present data is different from that of pure 
americium, suggesting the activity of americium in the binary alloy changes gradually with 
increasing temperature. Major concerns of the vapour pressure measurement are the 
effect of atmosphere, especially for the measurement of the sample which is easily 
oxidised. Since several vapour species are generally discharged from the sample, the 
determination of the dominant species is important to evaluate the free energy. The 
oxidation condition of the sample might be changed with changing the atmosphere and 
temperature. It is important to avoid interaction between the sample and cell to increase 
the accuracy. Nevertheless, the vapour pressure measurement is a quite useful way to 
evaluate the free energy in the high-temperature region. 

Figure 11. Vapour pressure of Am (g) on a Pu-6.6% Am sample [11] 

 

Figure 12 illustrates the chemical equilibrium method using a molten salt/liquid metal 
system. After adding two kinds of solute material, A and B, into the system, the 
differences in the concentration of A and B in the molten salt and the liquid metal phases 
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are measured, respectively, by chemical analysis. Electro-motive force of MiCln in molten 
salt for the cell, Mi | MiCln, LiCl-KCl || AgCl, LiCl-KCl | Ag, is given by: 

E = OEMi + RT/nF ln(aMiCln/aMi) - EAgCl , 

in which OE: standard redox potential with respect to chlorine electrode, R: gas 
constant, T: temperature (K), F: Faraday constant, n: valence, aMCln: activity in molten salt, 
aM: activity on metal electrode, EAgCl: potential of Ag/AgCl electrode with respect to 
chlorine electrode (i = A or B). On the other hand, electro-motive force of M in liquid 
metal for the Mi | MiCln, LiCl-KCl|M in liquid metal, is given by: 

E = RT/nF ln(aM in liquid metali)  , 

in which aM in liquid metal activity of Mi in liquid metal. Provided that three of the four 
thermodynamic properties are known, such as electro-motive force of A and B in the 
molten salt or in the liquid metal, the rest one can be calculated from the difference in the 
distribution of A and B in the system. Sometimes it is difficult to confirm the attainment 
of equilibrium, which is a major concern of this method.  

Figure 12. Variation in concentration in solute A and B in a molten salt/liquid metal system 

 

Modelling of free energy and heat capacity 

Free energy and heat capacity can be calculated from atomistic simulation [12-15] or using 
simple physical models of phonon and electron spectra [16]. The results of the model can 
be validated using experimental data obtained as discussed in the preceding sections. The 
validated models, in turn, can be used to evaluate physical properties in cases where 
experimental data are not available and to design new experiments. The Helmholtz free 
energy F(V,T) for a compound is given by: 

 0 vib el( , ) ( ) ( , ) ( , )F V T E V F V T F V T= + + ,   (1) 

where E0(V) is the internal energy of the compound at 0 K, Fvib(V,T) and Fel(V,T) are 
the vibration and thermal electron contribution to the Helmholtz free energy, respectively. 
Based on the quasi-harmonic approximation, Fvib(V,T) can be calculated from the density 
of state (DOS) of phonons. 

vib B vib
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where gvib(ω,V) is the phonon DOS at phonon frequency ω and volume V. The 
thermal electron contribution is given by Fel = Eel - TSel, where: 

 F

el ( ) ( )
E

E n E f EdE n E f EdE= −∫ ∫     (3) 

E and f represent the energy Eigen-value and the Fermi distribution function, 
respectively. 

 1

exp 1
B

f
E
k T

µ
=

 −
+  

 

,     (4) 

where µ is the chemical potential. The entropy term is expressed by: 

 ( ) ( )el ( ) ln 1 ln 1BS k n E f f f f dE = − + − − ∫    (5) 

In MD simulation [17], the free energy difference between two states of the simulation 
cell cannot be calculated merely from the coordinates of the atoms in the two systems. 
Instead, one typically uses thermodynamic integration [18]. In this method, the free 
energy difference between two states is determined by first identifying a thermodynamic 
path between the states. A parameter (λ) is defined to couple the two states such that one 
goes from the first state to the second state as λ changes from 0 to 1. The enthalpy 
changes along the path (λ going from 0 to 1) are calculated and integrated to compute the 
free energy change. A recent review has discussed free energy calculations in detail [19]. 

Regarding heat capacity, Cv(T) is calculated from the phonon DOS. 
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   (6) 

and Cp(T) is given by: 

Cp(T) = Cv(T) + α(T)2B(T)V(T)T   (7) 

  

where α(T) and B(T) are linear thermal expansion coefficient and bulk modulus, 
respectively. 

In MD simulations [17], Cv is calculated from the variation of the internal energy with 
temperature at constant volume (constant NVT ensemble) and Cp is calculated from the 
variation of internal energy with temperature at constant pressure (constant NPT 
ensemble) [12]: 

V
v T
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Classical MD simulations follow the time evolution of a system of ions, whose 
interactions are represented by a combination of long-range Coulombic terms and short-
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range terms to account for dispersion, repulsion, and covalency. Several interatomic 
potentials have been developed to model the ionic interactions in actinide compounds.  
These potentials can be broadly classified as rigid-ion models that treat ions as massive 
points with formal or partial charges and shell models that represent ions as massive point 
charges connected to a massless charged shell by a spring. A recent study [14] has 
systematically compared the temperature dependence of Cv and Cp from MD simulation 
using several rigid-ion and shell model potentials with experimental observations. The Cv 
value was found to be almost constant over the temperature range from 100 K to 3 000 K 
and equal to the classical value of Dulong and Petit for all potentials studied. This 
incorrect behaviour at low temperatures is due to the fact that classical MD does not 
include quantum mechanical effects. At temperatures above 1 500 K, rigid-ion potentials 
with non-formal charges show an increase in specific heat with increasing temperature in 
a manner consistent with experimental findings due to the creation of temporary anion 
Frenkel pairs [14]. In general, some rigid-ion potentials, such as those developed by 
Morelon [20] and Yakub [21], provide a good representation of thermal expansion, Cv, 
and Cp between 300 K and about 2 000 K. These potentials are also known to represent 
thermal conductivity of UO2 reasonably well [22]. There is scope for improvement of 
these potentials to expand their range of applicability by rigorous fitting to a large 
database of results from experiment and ab initio calculations. A good understanding of 
experimental error is needed to achieve reliable fitting. 

Conclusion and future challenges 

Atomistic simulations and analytical models can provide valuable information about 
thermophysical properties of actinides and actinide compounds including temperature 
dependence of heat capacity, especially in cases where experimental data is lacking. The 
accuracy and reliability of these models can be improved by generating input data using a 
host of experimental methods discussed in this chapter. Existing rigid-ion potentials 
provide a satisfactory representation of thermophysical properties over a narrow 
temperature window from 300 K to 1 500 K. Further improvement in potentials will have 
to balance the conflicting requirements of matching known equilibrium properties, on the 
one hand, and representing the behaviour of charged defects and property changes under 
far-from-equilibrium conditions on the other hand. 
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