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 The purpose of this study is to prepare a property database of nitride fuel needed 
for the fuel design of accelerator-driven system (ADS) for transmutation of minor actinide 
(MA). Nitride fuel of ADS is characterized by high content of Pu and MA as principal 
components, and addition of a diluent material such as ZrN. Experimental data or 
evaluated values from the raw data on properties Pu and MA nitrides, and nitride solid 
solutions containing ZrN are collected and summarized, which cover the properties needed 
for the fuel design of ADS. They are expressed as an equation as much as possible for 
corresponding to a variety conditions. Error evaluation is also made as much as possible. 
Since property data on transuranium (TRU) nitrides are often lacking, those on UN and 
(U,Pu)N are substitutionally shown in such cases in order to facilitate the fuel design with 
a tolerable accuracy by complementing the database. 
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西 剛史、荒井 康夫、高野 公秀、倉田 正輝 

 
(2014 年 1 月 9 日 受理) 

 
本研究の目的はマイナーアクチノイド（MA）核変換用加速器駆動システム（ADS）の燃料

設計に必要な窒化物燃料の物性データベースを整備することである。ADS 用の窒化物燃料には

Pu 及び MA が主要成分として含まれること、ならびに ZrN 等の希釈材が添加されることに特

徴がある。このため Pu や MA の窒化物のほか ZrN を含む窒化物固溶体を対象として、ADS
の燃料設計に必要な物性に関する実験値や評価値を収集・整理した。これらの物性値は設計に

おいて種々の条件に対応しやすくするため、可能な限り定式化することに努めた。また、誤差

の推定が可能な物性値についてはその評価結果も記載した。PuやMA等の超ウラン元素（TRU）

窒化物については実験値や評価値が報告されていない物性値も多いので、その場合は代替とし

て UN や(U,Pu)N の報告されている物性値でデータベースを補完することにより、許容できる

精度を持った ADS 燃料の設計ができるようにした。 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
原子力科学研究所（駐在）：〒319-1195 茨城県那珂郡東海村白方白根 2-4
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1. Introduction 
 

Nitride fuel has been developed since 1970s mainly in USA, Europe, Russia, India and 
Japan; it was proposed as an advance fuel for fast reactor [1], space reactor [2] and 
accelerator-driven system (ADS) for the transmutation of minor actinides (MA; Np, Am, 
Cm) [3]. Further, recently UN has attracted attention as a candidate of the 
accident-tolerant fuels (ATF) of light water reactor that meets highly resistance to 
oxidation and fission products release under beyond-design-basis accident conditions [4]. 
Although the number of property data sets of nitride fuel is limited in comparison with that 
of oxide fuel or metallic fuel, the marginal data of UN and (U,Pu)N needed for the design of 
fast reactor and space reactor are available. On the other hand, the efforts on nitride fuel 
development for recent 10 years in Japan Atomic Energy Agency (JAEA) focus on the 
preparation and property measurements of transuranium (TRU) nitrides. In this case TRU 
nitrides represent not only Pu nitride, minor actinide (MA; Np, Am, Cm) nitride and their 
solid solution, but also the solid solution of TRU nitride and ZrN that is proposed for the 
fuel of ADS [3]. Typical composition of nitride fuel for ADS proposed by JAEA is the solid 
solution of (MA0.14-0.16Pu0.10-0.12Zr0.73-0.75)N with highly 15N-enriched nitrogen. Recently, 
TRU nitride diluted by TiN is also proposed for the fuel of ADS alternatively, although a lot 
of technical issues for the preparation remain [5]. The purpose of this study is to prepare a 
property database of TRU nitrides, in which their properties needed for the design of ADS 
are covered. 

The relation of fuel design, irradiation behavior and property data collected and 
estimated in this study is illustrated in Fig. 1. Basic design parameters, such as the 
dimension, power density, target burnup, temperature distribution and safety margin of 
the fuel is determined from the fuel properties themselves and the irradiation behavior at 
burnup progressing. The irradiation behavior affecting the design parameters includes the 
change of gap conductance, crack and relocation, restructuring, Fuel-Cladding Chemical 
Interaction (FCCI), Fuel-Cladding Mechanical Interaction (FCMI) and so on. They are 
caused by the temperature gradient in the fuel pellet, internal pressure of the fuel element, 
and chemical and mechanical stresses subjected to the cladding tube, which are mostly 
governed by the properties of fuel, cladding and bonding materials in addition to the 
irradiation condition. 

Collected experimental data or evaluated values from the raw data on TRU nitrides in 
this study include the molecular weight, lattice parameter and theoretical density, heat 
capacity, thermal conductivity, thermal expansion, electrical resistivity and magnetic 
properties, melting temperature and decomposition pressure, vapor pressure, Gibbs free 
energy of formation, thermodynamic functions, mechanical properties, diffusion 
characteristics, fission gas release and swelling characteristics. These properties are 
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expressed as an equation as much as possible for corresponding to a variety of conditions. 
Error evaluation is also made as much as possible. Accordingly, a practical fuel design of 
ADS has become feasible. Further, the effects of the sample characteristics, such as grain 
size and porosity, on properties are considered in some equations because they can change 
the properties as large as ± 50 % in several cases. 

Since property data on TRU nitrides are often lacking, those on UN and (U,Pu)N are 
substitutionally shown in such cases in order to facilitate the design of ADS with a 
tolerable accuracy by complementing the present database. Those on UN are mostly cited 
from the efforts in USA [6-11], in which UN had been developed as a potential fuel for space 
reactor in “SP-100 Program” [2]. On the other hand, those on (U,Pu)N are mostly cited from 
two distinguished monographs by Matzke [1] and Blank [12] of Institute for Transuranium 
Elements (ITU), in which (U,Pu)N as well as (U,Pu)C had been investigated as an advance 
fuel for fast reactors in detail. Moreover, a few property data on TRU nitrides are cited from 
the reports of the Advanced Accelerator Assisted (AAA) and the Advance Fuel Cycle 
Initiative (AFCI) programs of USA [13,14]. Thermodynamic and thermophysical data of 
actinide nitrides recently compiled in “Comprehensive Nuclear Materials” [15] are also 
cited. 
 



JAEA-Data/Code 2014-001 

- 3 - 

Fuel design                                    
                                  Property data 
 

    Molecular weight (2.1) 

 

Dimension 

    Crystal data (2.2) 

 

Power density 

    Heat capacity (2.3) 

 

Target burnup 

    Thermal conductivity (2.4) 

 

Temperature distribution 

    Thermal expansion (2.5) 

                                Electrical resistivity and 

Safety margin                     magnetic properties (2.6) 

    Melting temperature and 

    decomposition pressure 

Irradiation behavior                              (2.7) 
Gap conductance 

    Thermodynamic properties 

                                (2.8, 2.9, 2.10) 

Crack and relocation 

    Mechanical properties (2.11) 

 

Restructuring 

    Diffusion characteristics 

                                (2.12) 

FCCI 

    Fission gas release (2.13) 

                                 

FCMI 

   Swelling characteristics 

                                (2.14)  

Fig. 1 Relationship between fuel design, irradiation behavior and property database 
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2. Property database of TRU nitride fuel 
 

2.1 Molecular weight 
2.1.1 Molecular weights of UN, NpN, PuN, AmN, CmN and (Zr,Np,Pu,Am,Cm)N 

Molecular weights of UN, NpN, PuN, AmN and CmN are listed in Table 2-1-1, in which 
atomic weights of U, Np, Pu, Am, Cm and natural N (MU, MNp, MPu, MAm, MCm and MN) are 
assumed to be 238.03, 237, 239.26, 241, 244 and 14.01, respectively. 

 
Table 2-1-1 Molecular weights of UN, NpN, PuN, AmN and CmN 

 
Material UN NpN PuN AmN CmN 

M 252.04 251.01 253.27 255.01 258.01 
     
On the other hand, molecular weight of (Zr1-w-x-y-zNpwPuxAmyCmz)N is calculated from 

the following equation, in which atomic weight of Zr (MZr) is assumed to be 91.22. 
 
    M = (1-w-x-y-z) MZr + w MNp + x MPu + y MAm + z MCm + MN 
      = 105.23 + 145.78 w + 148.04 x + 149.78 y + 152.78 z  (2-1-1) 
 
Fig. 2-1-1 shows the composition dependence of molecular weight of (Zr1-2xPuxAmx)N 

solid solution calculated from Eq. (2-1-1). 
In case N-15 enriched nitrogen to 99.9% is used, molecular weights of U15N, Np15N, 

Pu15N, Am15N and Cm15N are listed in Table 2-1-2. 
 

Table 2-1-2 Molecular weights of U15N, Np15N, Pu15N, Am15N and Cm15N 
 

Material UN NpN PuN AmN CmN 
M 253.03 252.00 254.26 256.00 259.00 

     
Similarly, molecular weight of (Zr1-w-x-y-zNpwPuxAmyCmz)15N is calculated from the 

following equation. 
 
    M = 106.22 + 145.78 w + 148.04 x + 149.78 y + 152.78 z  (2-1-2) 
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Fig. 2-1-1 Molecular weight of (Zr1-2xPuxAmx)N with natural nitrogen 

 
2.2 Lattice parameter and theoretical density 
2.2.1 Lattice parameter of UN, NpN, PuN, AmN and CmN 

Lattice parameters of UN, NpN, PuN, AmN and CmN summarized by Benedict [16] are 
shown in Table 2-1-1 and Fig. 2-2-1. The uncertainty is less than ± 0.001 nm. 

 
Table 2-2-1 Lattice parameters of UN, NpN, PuN, AmN and CmN 

 
 UN NpN PuN AmN CmN 

Lattice parameter (nm) 0.48887 0.48987 0.4905 0.4995 0.5027 

 
Fig. 2-2-1 Lattice parameters of UN, NpN, PuN, AmN and CmN 
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2.2.2 Lattice parameter and theoretical density of (U,Pu)N 

Lattice parameter of (U1-xPux)N at room temperature is calculated from the following 
equation assuming the Vegard’s law between UN and PuN. Lattice parameters of UN and 
PuN are cited from the review by Benedict [16]. 

 
    a (nm) = 0.48887 + 1.63 10-3 x     (2-2-1) 
 
Similarly, theoretical density of (U1-xPux)N at room temperature is calculated from the 

following equation, in which MU and MPu denote the mass number of U and Pu, respectively, 
and 14.01 is the mass number of natural nitrogen. The uncertainty is evaluated to be less 
than ± 1 %. 

 
    D (g/cm3) = 6.642 10-3 {(1-x) MU + x MPu +14.01} / a3   (2-2-2) 
 
Fig. 2-2-2 shows the composition dependence of lattice parameter and theoretical density 

of (U1-xPux)N calculated from Eq. (2-2-1) and Eq. (2-2-2), respectively, assuming MU=238.03 
and MPu=239.26.  

 
Fig. 2-2-2 Lattice parameter and theoretical density of (U1-xPux)N with natural nitrogen 
 
In case N-15 enriched nitrogen to 99.9% is used, theoretical density of (U1-xPux)15N is 
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calculated from Eq. (2-2-3). 
 
    D (g/cm3) = 6.642 10-3 {(1-x) MU + x MPu +15.00} / a3    (2-2-3) 
 

2.2.3 Lattice parameter and theoretical density of (Zr1-w-x-y-zNpwPuxAmyCmz)N 
Lattice parameter of (Zr1-w-x-y-zNpwPuxAmyCmz)N solid solution at room temperature is 

calculated from the following equation assuming the Vegard’s law between NpN, PuN, 
AmN, CmN and ZrN. Lattice parameters of the respective mononitrides are cited from the 
paper by Takano [17]. The uncertainty is less than ± 0.001 nm. 

 
a (nm) = 0.45756 + 3.204 10-2 w + 3.294 10-2 x + 4.154 10-2 y + 4.514 10-2 z (2-2-4) 
 
Similarly, theoretical density of (Zr1-w-x-y-zNpwPuxAmyCmz)N solid solution at room 

temperature is calculated from the following equation, in which MNp, MPu, MAm, and MCm 
denote the mass number of Np, Pu, Am and Cm, respectively, and 91.22 is the mass number 
of Zr. The uncertainty is evaluated to be less than ± 1 %. 

 
D (g/cm3) = 6.642 10-3 (105.23+w(MNp-91.22)+x(MPu-91.22)+y(MAm-91.22)+z(MCm-91.22))/ a3 

(2-2-5) 
 

When MNp=237, MPu=239.26, MAm,=241, MCm=244, 
 
D (g/cm3) = 6.642 10-3 (105.23 + 145.78 w + 148.04 x+ 149.78 y + 152.78 z) / a3 (2-2-6) 
 
Fig. 2-2-3 shows the composition dependence of lattice parameter and theoretical density 

of (Zr1-2xPuxAmx)N calculated from Eq. (2-2-4) and Eq. (2-2-6), respectively. 
In case N-15 enriched nitrogen to 99.9% is used, theoretical density of 

(Zr1-w-x-y-zNpwPuxAmyCmz)15N is calculated from the following equation. 
 
D (g/cm3) = 6.642 10-3 (106.22 + 145.78 w + 148.04 x+ 149.78 y + 152.78 z) / a3 (2-2-7) 
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Fig. 2-2-3 Lattice parameter and theoretical density of (Zr1-2xPuxAmx)N with natural 

nitrogen 
 

2.2.4 Densities of UN, PuN and (U,Pu)N in liquid state 
Sheth and Leibowitz evaluated the densities of UN, PuN and (U0.8P0.2)N in liquid state, 

assuming that the volume change at melting, ΔV/Vs, is 15 % and the ratio of thermal 
expansion coefficient of solid and liquid, αs/αl, is 0.5 [18]. Based on these assumptions, 
density in liquid state is calculated from the following equation. 

 
    D(T) = D298 / [1.15  {1 + 3 (Tm-298) αs}  {1 + 3 (T-Tm) αl}]  (2-2-8) 
 
Fig. 2-2-4 shows the results calculated from Eq. (2-2-8), in case of the values in Table 

2-2-2 for D298, Tm, αs and αl of UN, PuN and (U0.8P0.2)N. However, there are several 
uncertainties in the evaluated density in liquid state. Further, as the dissociation 
progressing at high temperature, the density may be close to that of metallic state. The 
uncertainty is presumed to be about ± 10 %. 
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Table 2-2-2 Values used for calculating density of UN, PuN and (U0.8Pu0.2)N 
in liquid state from Eq. (2-2-8) 

 
Compound αs (K-1) αl (K-1) Tm (K) ΔV/Vs (%) D298 

(g/cm3) 
UN 
PuN 
(U0.8Pu0.2)N 

10.8 10-6 

19.5 10-6 

11.4 10-6 

21.6 10-6 

39.0 10-6 

22.8 10-6 

3035 
2843 
3053 

15 
15 
15 

14.32 
14.24 
14.30 

     

 
Fig. 2-2-4 Densities of UN, PuN and (U0.8Pu0.2)N in liquid state 

 
2.2.5 Lattice expansion of PuN, AmN, CmN, (Pu,Am,Cm)N and (Np,Pu,Am,Cm)N by 
self-irradiation damage 

Lattice expansion of PuN [19], AmN [20], CmN, (Pu,Am,Cm)N and (Np,Pu,Am,Cm)N [21] 
by self-irradiation damage was measured as a function of storage time at room 
temperature. The results are generally fitted to the following equation, in which at and a0 
are lattice parameter at storage time t and t=0, A and B are constants for fitting, and λ is 
an effective decay constant of the sample. 

 
    at = a0 + a0 A [1-exp(-Bλt)]      (2-2-9) 
 
Speculated values of a0, A, B and λ in Eq. (2-2-9) for PuN [18], AmN [19], CmN, 

(Pu,Am,Cm)N and (Np,Pu,Am,Cm)N [21] are shown in Table 2-2-3. 
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Table 2-2-3 Values of a0, A, B and λ in Eq. (2-2-9) for PuN, AmN, CmN, (Pu,Am,Cm)N 

and (Np,Pu,Am,Cm)N 
 

Compound a0 (nm) A B λ (1/s) Ref. 
PuN 
AmN 
CmN 
(Pu0.450Am0.336Cm0.214)N 
(Np0.279Pu0.307Am0.279Cm0.135)N 

0.49054 

0.4991 

0.50261 
0.4956 
0.4943 

2.54 10-3 
5.25 10-3 
4.31 10-3 
4.2 10-3 
4.1 10-3 

2.13 104 
1.96 104 

1.76 104 

1.8 104 

1.7 104 

2.39 10-12 
5.10 10-11 
9.43 10-10 
2.33 10-10 

1.47 10-10 

[18] 
[19] 
[20] 
[20] 
[20] 

 

 

Fig. 2-2-5 Change in lattice parameters of AmN, CmN and (Pu,Am,Cm)N 
at room temperature as a function of storage time 

 
Change in lattice parameter of 241AmN, 244CmN and (Pu0.450Am0.336Cm0.214)N calculated 

from Eq. (2-2-9) is shown in Fig. 2-2-5. 
 

2.3 Heat capacity 
2.3.1 Heat capacities of UN, NpN, PuN, AmN and (U,Pu)N 

Hayes et al. recommend the following equation for the heat capacity of UN by 
summarizing nine experimental data sets [9]. 
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(298 < T(K) < 2628)       (2-3-1) 

 
The following heat capacity equation for PuN is given by Oetting [22]. 
 
   Cp (Jmol-1K-1) = 1.542 10-2 T + 45.00   (293 < T(K) < 1562)    (2-3-2) 

   
The heat capacity of NpN and AmN were determined by drop calorimetry by Nishi, et al. 

[23]. The heat capacity of NpN is expressed by the following equation. 
 
   Cp (Jmol-1K-1) = 1.872 10-2 T + 42.75   (334 < T(K) < 1067)    (2-3-3) 

   
The heat capacity of AmN is expressed by the following equation. 
 
   Cp (Jmol-1K-1) = 1.563 10-2 T + 42.44   (354 < T(K) < 1071)    (2-3-5) 

   
The following heat capacity equation for (U0.8Pu0.2)N is given by Alexander, et al. [24]. 
 
   Cp (Jmol-1K-1) = 1.09 10-2 T + 45.4   (293 < T(K) < 2073)    (2-3-6) 
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Fig. 2-3-1 Heat capacities of UN, NpN, PuN and AmN 
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The uncertainty of heat capacities shown in Fig. 2-3-1 is evaluated to be less than ± 10 %. 
 An attempt to evaluate Cp (Jmol-1K-1) for UN and (U0.8Pu0.2)N at liquid state was also 

made [1]. The evaluated Cp (Jmol-1K-1) are 75.8 for UN and 77.2 for (U0.8Pu0.2)N at 4000 K, 
while 88.7 for UN and 90.9 for (U0.8Pu0.2)N at 6000 K. 

 
2.3.2 Heat capacity of (Zr,Pu,Am)N 

The heat capacity of (Zr,Pu,Am)N is expressed as the following equation. 
 
   Cp (Jmol-1K-1) = a T + b - c T-2       (2-3-7) 

   
The coefficients a, b and c in Eq. (2-3-7) for (Zr0.61Pu0.39)N [25], (Zr0.58Pu0.21Am0.21)N and 

(Zr0.80Pu0.10Am0.10)N [26] are summarized in Table 2-3-1. The uncertainty of the heat 
capacities shown in Fig. 2-3-2 is less than ± 5 %. 

 
Table 2-3-1 Coefficients a, b and c in Eq. (2-3-7) for (Zr0.61Pu0.39)N, (Zr0.58Pu0.21Am0.21)N 

and (Zr0.80Pu0.10Am0.10)N 
 

 
(Zr0.61Pu0.39)N 

298<T(K)<1100 
(Zr0.58Pu0.21Am0.21)N 

298<T(K)<1082 
(Zr0.80Pu0.10Am0.10)N 

298<T(K)<1067 
a 
b 
c 

8.8807 10-3 

8.8807 
- 

7.6556 10-4 

56.322 
1.5865 106 

1.2836 10-3 

42.542 

6.6356 105 

    
The heat capacity of ZrN is given by the following equation in the thermodynamic 

database [27]. 
 
   Cp (Jmol-1K-1) = 45.86 + 6.82 10-3 T – 5.54 105 T-2     (2-3-8) 
 
The heat capacity of (Zr1-x-y-zNpxPuyAmz)N is given by the following equation from Eq. 

(2-3-2), Eq. (2-3-3), Eq. (2-3-4) and Eq. (2-3-8) assuming the Neumann-Kopp’s law to the 
solid solution. 

 
   Cp (Jmol-1K-1) = 45.86 + 6.82 10-3 T - 5.54 105 T-2 - x (3.11 - 1.19 10-2 T - 5.54 105 T-2) 
       - y (0.86 -8.60 10-3 T - 5.54 105 T-2) - z (3.42 – 8.81 10-3 T - 5.54 105 T-2)  (2-3-9) 
 
The maximum uncertainty of the heat capacity of (Zr1-x-y-zNpxPuyAmz)N calculated from 

Eq. (2-3-9) is evaluated as ± 20 % at 1673 K. 
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Fig. 2-3-2 Heat capacities of (Zr0.61Pu0.39)N, (Zr0.58Pu0.21Am0.21)N and (Zr0.80Pu0.10Am0.10)N 

 
2.4 Thermal conductivity 
2.4.1 Calibration of thermal conductivity to theoretical density 

In this study, to compare the thermal conductivities of TRU nitrides, the data are 
corrected to 100%TD (TD: theoretical density) following the Schulz’ equation [28]. 

 
    K (Wm-1K-1) = KTD (1-P)X      (2-4-1) 
                                    

where KTD is the thermal conductivity of the sample with 100%TD, P is the porosity of the 
sample, and X=1.5 is the parameter for closed pores of spherical shape. Among a variety of 
porosity correction formulae, the Schulz’ equation is in best agreement with the result of 
finite element computations over a wide range of porosity up to 0.3, as reported by Bakker 
et al. [29]. Morimoto, et al. suggested that the analytical error is about 8 % when thermal 
conductivities are normalized using Schulz equation [30]. 

 
2.4.2 Thermal conductivities of UN, NpN, PuN and AmN 

There are several data sets of thermal conductivities of UN and PuN. The thermal 
conductivities of UN, NpN and PuN were measured by Arai, et al. from 680 to 1600 K 
[31,32] and that of AmN was measured by Nishi, et al. from 473 to 1473 K [33]. The UN, 
NpN, PuN and AmN samples were prepared by the carbothermic reduction of the 
respective dioxides [31-33]. The thermal conductivities of actinide mononitrides increase 
with temperature over the temperature range investigated. The increase is due to the 
increase of electronic contribution to thermal conductivity. 

500 1000
0

20

40

60

80

 

 

 : Experimental value of (Zr0.61Pu0.39)N
 : Experimental value of (Zr0.58Pu0.21Am0.21)N
 : Experimental value of (Zr0.80Pu0.10Am0.10)N
 : Evaluated value of (Zr0.61Pu0.39)N
 : Evaluated value of (Zr0.58Pu0.21Am0.21)N
 : Evaluated value of (Zr0.80Pu0.10Am0.10)N

H
ea

t c
ap

ac
ity

 (J
m

ol
-1

K
-1

)

Temperature (K)



JAEA-Data/Code 2014-001 

- 14 - 

The measured thermal conductivities of UN, NpN, PuN and AmN, K (Wm-1K-1), 
corrected for porosity to 100%TD are fitted to the quadratic function or cubic function (only 
UN) of temperature T (K) using the least squares method. 

 
    K (Wm-1K-1) = A + B T + C T2 + D T3      (2-4-2) 
 
The coefficients A, B, C and D in Eq. (2-4-2) for UN, NpN, PuN and AmN are summarized 

in Table 2-4-1. 
 

Table 2-4-1 Coefficients A, B, C and D in Eq. (2-4-2) for UN, NpN, PuN and AmN 
 

        UN NpN PuN AmN 
A -17.75 7.89 8.18 8.99 
B 8.81 10-2 1.27 10-2 5.22 10-3 1.47 10-3 
C -6.16 10-5 -4.32 10-6 -9.44 10-7 -2.54 10-8 
D 1.45 10-8 - - - 

     
The thermal conductivities calculated from Eq. (2-4-2) are shown in Fig. 2-4-1. The 

uncertainty of the thermal conductivities calculated from Eq. (2-4-2) is less than ± 10 %. 

 
Fig. 2-4-1 Thermal conductivities of UN, NpN, PuN and AmN 
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Thermal conductivities of actinide mononitrides decrease with increase in the atomic 
number of actinide element. They increase with temperature over the temperature range 
investigated [15].  

 
2.4.3 Thermal conductivity of (U,Pu)N 

The pellets of (U,Pu)N solid solutions were prepared by heating green disks of mixture of 
UN and PuN prepared by the carbothermic reduction of the respective dioxides [31]. 
Measured thermal conductivity of (U1-xPux)N (x = 0, 0.2, 0.35, 0.6, 0.8, 1), K (Wm-1K-1), 
corrected for porosity to 100%TD is fitted to the quadratic function or cubic function (only 
UN) of temperature T (K) using the least squares method [31]. The coefficients A, B, C and 
D in Eq. (2-4-2) for (U1-xPux)N are summarized in Table 2-4-2. 

 
Table 2-4-2 Coefficients A, B, C and D in Eq. (2-4-2) for (U1-xPux)N 

 
x 0 0.2 0.35 0.6 0.8 1 
A -17.75 6.65 4.40 4.33 3.98 8.18 
B 8.81 10-2 1.72 10-2 1.57 10-2 1.29 10-2 1.15 10-2 5.22 10-3 
C -6.16 10-5 -4.68 10-6 -4.03 10-6 -3.46 10-6 -2.90 10-6 -9.44 10-7 
D 1.45  10-8 - - - - - 

                                                
Thermal diffusivity was measured by laser flash method from 680 to 1620 K. Heat 

capacities of UN and PuN were cited from literature, and that of (U1-xPux)N was estimated 
assuming the Neumann-Kopp’s law. The thermal conductivity calculated from Eq. (2-4-2) is 
shown in Fig. 2-4-2 from 700 to 1600 K. The thermal conductivity decreased with x in 
(U1-xPux)N. 

 
Fig. 2-4-2 Thermal conductivity of (U,Pu)N 
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On the other hand, the thermal conductivity of (U1-xPux)N (0.0 ≤ x ≤ 1.0) corrected for 
porosity to 100%TD is formulated by Eq. (2-4-3) as a function of temperature and 
composition, 

 
    K (Wm-1K-1) = E + F x + G x2,     (2-4-3) 
 
    E = -13.23 + 0.07706 T - 0.00005291 T2 + 0.00000001234 T3 
    F = 64.58 - 0.2235 T - 0.0001812 T2 - 0.00000004654 T3 
    G = -46.97 + 0.1611 T - 0.0001367 T2 + 0.00000003605 T3 
 

where E, F and G are coefficients obtained by the least-square fitting. The temperature 
dependences of the coefficients of E, F and G, obtained at each temperature above 700 K, 
are given as a polynomial equation of temperature. The uncertainty of the thermal 
conductivities obtained by the above equation is estimated as ± 5%, from analytical and 
experimental errors. The thermal conductivities of (U,Pu)N predicted from Eq. (2-4-3) are 
shown in Fig. 2-4-3. 

 
Fig. 2-4-3 Predicted thermal conductivity of (U1-xPux)N 

 
2.4.4 Thermal conductivities of (Zr,Pu)N and (Zr,Pu,Am)N 

The (Zr,Pu)N [25,34,35] and (Zr,Pu,Am)N [26] samples were prepared as follows. The 
ZrN powder is fabricated from highly pure Zr metal after hydrogenation and pulverization. 
The PuN and AmN are fabricated via the carbothermic reduction of the respective dioxides. 
The mixture is gradually heated to 1793 K in the purified N2 or N2+4%H2 gas flow. The 
resultant powder was pressed into disks and sintered in a stream of N2 or N2+4%H2 at 
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1923-1973 K to prepare (Zr,Pu)N and (Zr,Pu,Am)N pellets. The thermal conductivities of 
(Zr,Pu)N [25,34,35] and (Zr,Pu,Am)N [26] reported are shown in Fig. 2-4-4. The large 
difference of thermal conductivities of (Zr,Pu)N between the results was thought to be 
derived from the difference in characteristics of ZrN used in the experiments. It was seen 
that the oxygen impurity effect (0.34 wt.% vs. 0.65 wt.%) in (Zr,Pu)N is very limited [25]. 

Measured thermal conductivities of (Zr0.61Pu0.39)N, (Zr0.61Pu0.39)(N,O) [25], 
(Zr0.58Pu0.21Am0.21)N and (Zr0.80Pu0.10Am0.10)N [26], K (Wm-1K-1), corrected for porosity to 
100%TD are fitted to the quadratic function ((Zr,Pu,Am)N) or cubic function ((Zr,Pu)N) of 
temperature T (K) using the least squares method. The coefficients A, B, C and D in Eq. 
(2-4-2) for (Zr,Pu)N and (Zr,Pu,Am)N are summarized in Table 2-4-3. 
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Fig. 2-4-4 Thermal conductivities of (Zr,Pu)N and (Zr,Pu,Am)N 

 
Table 2-4-3 Coefficients A, B, C and D in Eq. (2-4-2) for (Zr,Pu)N and (Zr,Pu,Am)N 

 
        (Zr0.61Pu0.39)N 

298<T(K)<1100 
(Zr0.61Pu0.39)(N,O) 
298<T(K)<1100 

(Zr0.58Pu0.21Am0.21)N 
473<T(K)<1473 

(Zr0.80Pu0.10Am0.10)N 
473<T(K)<1473 

A 6.958 5.633 0.716 2.73 
B -1.285 10-2 -6.654 10-3 2.21 10-2 3.07 10-2 
C 3.364 10-5 2.399 10-5 -5.52 10-6 -5.34 10-6 
D -1.298 10-8 -9.291 10-9 - - 
                                                
The thermal conductivity of (ZrxPu(1-x)/2Am(1-x)/2)N (0.0 ≤ x ≤ 1.0) corrected for porosity to 
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100%TD is formulated by the following equation using the least squares method [26]. 
 
    K (Wm-1K-1) = A + B exp(x/C)     (2-4-4) 
 
    A = 4.7624 + 1.3937 10-2 T - 1.4543 10-5 T2 + 5.6365 10-9 T3 
    B = -0.15962 - 4.2325 10-4 T + 9.1965 10-7 T2 
    C = -9.8103 10-3 + 2.3662 10-4 T - 3.2471 10-8 T2 
 

where x is the molar fraction of ZrN, and A, B and C are coefficients obtained by fitting. 
The temperature dependencies of the coefficients of A, B and C, obtained at each 
temperature above 873 K, are given as a polynomial equation of temperature. The 
predicted thermal conductivity of (Zr,Pu,Am)N is shown in Fig. 2-4-5. The uncertainty of 
the thermal conductivities obtained by above equation is estimated as ± 15 %, from 
analytical and experimental errors. 

 
Fig. 2-4-5 Predicted thermal conductivity of (ZrxPu(1-x)/2Am(1-x)/2)N 

 
2.4.5 Thermal conductivities of (U,Np)N and (Np,Pu)N 

The pellets of (U,Np)N and (Np,Pu)N solid solutions were prepared by heating green 
disks of mixture of respective mononitrides. The actinide mononitride samples were 
prepared by the carbothermic reduction of the respective dioxides [36]. Measured thermal 
conductivity of (U1-xNpx)N (x = 0, 0.25, 0.5, 0.75, 1), K (Wm-1K-1), corrected for porosity to 
100%TD is fitted to the quadratic function or cubic function (only UN) of temperature T (K) 
using the least squares method [36]. The coefficients A, B, C and D in Eq. (2-4-2) for 
(U1-xNpx)N are summarized in Table 2-4-4. 
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Table 2-4-4 Coefficients A, B, C and D in Eq. (2-4-2) for (U1-xNpx)N 
 

x 0 0.25 0.5 0.75 1 
A -17.75 3.75 10.85 7.43 7.89 
B 8.81 10-2 2.14 10-2 7.46 10-3 1.29 10-2 1.27 10-2 
C -6.16 10-5 -5.69 10-6 -4.03 10-7 -3.56 10-6 -4.32 10-6 
D 1.45 10-8 - - - - 

                                                
Thermal diffusivity was measured by laser flash method from 680 to 1620 K. Heat 

capacities of UN and NpN were cited from literature, and that of (U1-xNpx)N was estimated 
assuming the Neumann-Kopp’s law. The thermal conductivity calculated from Eq. (2-4-2) is 
shown in Fig. 2-4-6 from 700 to 1600 K. 

 

Fig. 2-4-6 Thermal conductivity of (U1-xNpx)N 
 
Measured thermal conductivity of (Np1-xPux)N (x = 0, 0.33, 0.67, 1), K (Wm-1K-1), corrected 

for porosity to 100%TD is fitted to the quadratic function of temperature T (K) using the 
least squares method [36]. The coefficients A, B and C in Eq. (2-4-2) for (Np1-xPux)N are 
summarized in Table 2-4-5. 
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Table 2-4-5 Coefficients A, B, and C in Eq. (2-4-2) for (Np1-xPux)N 
 

x 0 0.33 0.67 1 
A 7.89 7.22 10.19 8.18 
B 1.27 10-2 6.91 10-3 1.36 10-3 5.22 10-3 
C -4.32 10-6 -1.28 10-6 4.58 10-7 -9.44 10-7 

                                                
Thermal diffusivity was measured by laser flash method from 680 to 1620 K. Heat 

capacities of NpN and PuN were cited from literature, and that of (Np1-xPux)N was 
estimated assuming the Neumann-Kopp’s law. The thermal conductivity calculated from 
Eq. (2-4-2) is shown in Fig. 2-4-7 from 700 to 1600 K. 

 
Fig. 2-4-7 Thermal conductivity of (Np1-xPux)N 

 
2.4.6 Thermal conductivities of (Np,Am)N and (Pu,Am)N 

Thermal conductivities of (Np1-xAmx)N and (Pu1-xAmx)N were measured by Nishi et al. 
from 473 to 1073 K [37]. The (Np1-xAmx)N and (Pu1-xAmx)N solid solution samples were 
prepared by the carbothermic reduction of the dioxide mixtures. Measured thermal 
conductivities of (Np1-xAmx)N (x = 0.25, 0.50, 0.75) and (Pu1-xAmx)N (x = 0.25, 0.50), K 
(Wm-1K-1), corrected for porosity to 100%TD are fitted to the quadratic function of 
temperature T (K) using the least squares method. 

The experimental results shown in Fig. 2-4-8 suggest that the thermal conductivities of 
(Np1-xAmx)N and(Pu1-xAmx)N decrease with increasing Am content. The coefficients A, B 
and C in Eq. (2-4-2) for (Np1-xAmx)N and(Pu1-xAmx)N are summarized in Table 2-4-6. 
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Fig. 2-4-8 Thermal conductivities of (Np1-xAmx)N and(Pu1-xAmx)N 

 
Table 2-4-6 Coefficients A, B, and C in Eq. (2-4-2) for (Np1-xAmx)N and(Pu1-xAmx)N 

 
 (Np1-xAmx)N (Pu1-xAmx)N 

x 0.25 0.50 0.75 0.25 0.50 
A 7.18 6.49 3.45 12.81 10.03 
B 8.75 10-3 5.49 10-3 7.88 10-3 8.16 10-3 -6.39 10-3 
C -1.90 10-6 -6.07 10-7 -1.47 10-6 6.29 10-6 5.82 10-6 

 
2.4.7 Thermal conductivity of (Np,Pu,Am,Cm)N 

Thermal conductivity of (Np0.20Pu0.50Am0.25Cm0.05)N was measured by Nishi, et al. [38]. 
The solid solution sample was prepared by the carbothermic reduction of the dioxide 
mixtures. The measured thermal conductivity, K (Wm-1K-1), corrected for porosity to 
100%TD is fitted to the following quadratic function of temperature T (K) using the least 
squares method. 

 
    K (Wm-1K-1) = 6.34 + 2.67 10-3 T + 9.02 10-7 T2    (2-4-5) 
                                            
Thermal diffusivity was measured by laser flash method from 293 to 1473 K. Heat 

capacity was estimated from those of NpN, PuN and AmN assuming the Neumann-Kopp’s 
law, in which the heat capacity of CmN was substituted by that of AmN due to lack of the 
data for CmN. Fig. 2-4-9 shows the thermal conductivity of (Np0.20Pu0.50Am0.25Cm0.05)N 
calculated from Eq. (2-4-5) and experimental data as well as those of NpN, PuN and AmN. 
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Fig. 2-4-9 Thermal conductivity of (Np0.20Pu0.50Am0.25Cm0.05)N 

 
2.5 Thermal expansion 
2.5.1 Thermal expansions of UN, PuN, NpN, AmN and CmN 

Thermal expansions of actinide mononitrides have been mostly investigated 
high-temperature X-ray diffractometry (HT-XRD). Regression data on temperature 
dependence of lattice parameters, aT (nm), are listed in Table 2-5-1. On the other hand, 
regression data on linear thermal expansion, LTE (%), defined by ((aT-a293)/a293) 100, and 
averaged thermal expansion coefficients over 293-1273 K, av.1273, ( av.T = (1/a293) 
(aT-a293)/(T-293)), are listed in Table 2-5-2. The data on UN are cited from the review by 
Hayes, et al. [6] and those on the others are cited from experimental results by Takano, et 
al. [21,39]. The uncertainty of the lattice parameter, LTE and thermal expansion coefficient 
is less than ± 3 %.  

 
Table 2-5-1 Regression data for aT (nm) = a0 + a1 T + a2 T2 + a3 T3 

 
 a0 a1 106 a2 1010 a3 1014 a293 (nm) Max. Temp. (K) 

UN 
NpN 
PuN 
AmN 
CmN 

0.48790 
0.48848 
0.48913 
0.49786 
0.50133 

3.264 
3.483 
4.501 
4.110 

4.1361 

6.889 
6.274 
6.817 
9.936 

5.9909 

- 
-7.601 
-4.939 
-3.169 

-6.3043 

0.48892 
0.48956 
0.49050 
0.49915 
0.50261 

2523 
1348 
1478 
1464 
1375 
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Table 2-5-2 Regression data for LTE (%) = b1 (T-293) + b2 (T-293)2 + b3 (T-293)3 and av.1273 

 
 b1 104 b2 107 b3 1012 LTE1273 (%) av.1273 (10-6/K) 

UN 
NpN 
PuN 
AmN 
CmN 

7.505 
7.827 
9.973 
9.387 
8.905 

1.407 
1.142 
1.288 
1.928 
1.069 

- 
-15.34 
-9.445 
-6.052 
-11.95 

0.87 
0.86 
1.09 
1.10 
0.96 

8.88 
8.80 
11.1 
11.2 
9.84 

 
2.5.2 Averaged thermal expansion coefficient of (Zr1-w-x-y-zNpwPuxAmyCmz)N 

It is found that the averaged thermal expansion coefficients of actinide mononitrides and 
ZrN solid solutions can be approximated by the linear mixture rule within the error of a 
few percent [40]. Based on this assumption, that of (Zr1-w-x-y-zNpwPuxAmyCmz)N over the 
temperature range of 293-1273 K, av.1273, is calculated from the following equation. The 
respective averaged thermal expansion coefficients of NpN, PuN, AmN, CmN and ZrN in 
the same temperature range are cited from the paper by Takano, et al. [21,39]. The 
uncertainty of the thermal expansion coefficient is evaluated to be less than ± 5 %. 
Averaged thermal expansion coefficient of (Zr1-2xPuxAmx)N calculated from Eq. (2-5-1) is 
shown in Fig. 2-5-1. 

 
    av.1273 = (1-w-x-y-z) av ZrN + w av NpN + x av PuN + y av AmN + z av CmN 
          = {7.57 (1-w-x-y-z) + 8.80 w + 11.1 x + 11.2 y + 9.80 z} 10-6 
          = 7.57 10-6 + 1.23 w 10-6 + 3.53 x 10-6 + 3.63 y 10-6 + 2.23 z 10-6 (2-5-1) 

 
Fig. 2-5-1 Averaged thermal expansion coefficient of (Zr1-2xPuxAmx)N over 293-1273 K 
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2.6 Electrical resistivity and magnetic properties 
2.6.1 Electrical resistivities of UN, PuN, (U,Pu)N and (Pu,Zr)N 

Matzke summarizes the electrical resistivity of UN [1]. UN is a type-I anti-ferromagnetic 
compound with a paramagnetic Neel temperature, TN, of 53.1 K. At TN, observed small 
peak of about 0.6 μΩcm is explained by the formation of new Brillouin-zone boundaries 
upon anti-ferromagnetic ordering. Above 400 K, the electrical resistivity of UN increases 
approximately linearly with temperature, which reflects its metallic nature. The electrical 
resistivity, ρ, of UN is divided into three components, contributions of magnetic spins ρm, 
phonons ρph and temperature-independent impurities ρi. Hayes, et al. summarize the 
experimental data of UN and suggested the following fitting equation as a function of 
temperature (298 ≤ T(K) ≤ 1600) and porosity (0 ≤ P ≤ 0.16) [8]. 

 
    ρ (μΩcm) = 71.49 e2.14P (T)0.125     (2-6-1) 
 
Very limited information is available for Pu-containing nitrides. A result for PuN with 

low density (76%TD) indicates a pronounced increase in ρ from ~10 μΩcm below 10 K to 
~650 μΩcm (~450 μΩcm, if corrected for porosity) at room temperature [41]. A result for 
PuN with high density indicates 450 μΩcm at 773 K and 500 μΩcm at 1173 K, being 
corrected for porosity to 100%TD [42]. 

Keller [42] also reports ρ of (U0.8Pu0.2)N that is very little dependent of temperature and 
fall into the range 290 to 340 μΩcm between room temperature and 1173 K. The results 
show that Pu addition to UN increases ρ. 

Recently ρ of (Pu0.39Zr0.61)N at room temperature was measured by Pukari, et al. using a 
four point probe method [25]. The results suggest that ρ of (Pu0.39Zr0.61)N is close to PuN in 
its magnitude despite the relatively high ZrN fraction. 

 
2.6.2 Magnetic properties of UN, NpN, PuN and AmN 

Magnetic properties of UN, NpN and PuN are summarized in Table 2-6-1 [43]. 
 

Table 2-6-1 Magnetic properties of UN, NpN and PuN 
 

 Magnetic order Tt (K) o ( B) p ( B)  (K) 
UN anti-ferromagnetic 53 0.75 2.7; 3.11 -247; -325 

NpN ferromagnetic 87 1.4 2.44 100 
PuN anti-ferromagnetic 13 <0.2 1.1 -200 

      
In Table 2-6-1, Tt, o, p,  are the magnetic phase transition temperature, saturation 

moment per actinide ion, paramagnetic moment per actinide ion, paramagnetic Curie 
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(Néel) temperature, respectively. On the other hand, it is known that AmN represents 
temperature independent paramagnetism (TIP). 

     
2.7 Melting temperature and decomposition pressure 
2.7.1 Melting temperatures and decomposition pressures of UN, NpN, PuN and AmN 

Temperature of congruent melting is reported for UN and NpN under a pressurized 
nitrogen atmosphere by Olson and Mulford [44,45] as summarized in Table 2-7-1. 
According to the same authors, however, congruent melting for PuN was not achieved in 
the nitrogen pressure up to 24.5 atm [46]. On the other hand, Spear and Leitnaker reported 
congruent melting for PuN at a still higher nitrogen pressure [47]. Hayes, et al. 
summarized the experimental data of melting temperature of UN and suggested the 
following fitting equation as a function of nitrogen partial pressure PN2 (atm) [9]. 

 
    Tm (K) = 3035.0 (PN2)0.02832   (1 10-13 ≤ PN2 ≤ 7.5 atm)    (2-7-1) 
 
On the other hand, decomposition pressures of UN, NpN and PuN following Eq. (2-7-2) 

are determined as a function of reciprocal temperature above 2500 K by Olson and Mulford 
[44-46] and fitted to Eqs. (2-7-3), (2-7-4) and (2-7-5) for UN, NpN and PuN, respectively. 

 
     MN(s) = M(l, saturated with N) + 0.5N2(g)                           (2-7-2) 
 
     log pUN(atm) = 8.193 – 29540/T + 5.57 10-18T5  (2773 ≤ T(K) ≤ 3123)      (2-7-3) 
 
     log pNpN(atm) = 8.193 – 29540/T + 7.87 10-18T5  (2483 ≤ T(K) ≤ 3103)      (2-7-4) 
 
     log pPuN(atm) = 8.193 – 29540/T + 11.28 10-18T5  (2563 ≤ T(K) ≤ 3043)     (2-7-5) 
 
Table 2-7-1 shows the decomposition temperatures of UN, NpN and PuN under 1atm of 

nitrogen calculated from above equations as well as that of AmN speculated from the 
thermal expansion data by Takano, et al. [39]. The uncertainty of congruent melting 
temperature and decomposition temperature for UN, NpN and PuN is evaluated about ± 50 
K. 
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Table 2-7-1 Summary of congruent melting temperature and decomposition temperature 
of actinide mononitrides under 1 atm of nitrogen 

 

 Congruent melting temperature (K) 
Decomposition temperature 
under 1 atom of nitrogen (K) 

Reference 

UN 
NpN 
PuN 
AmN 

3123 (N2 pressure  2.5 atm) 
3103 (N2 pressure  10 atm) 

3103±50 (N2 pressure  50±20 atm) 
- 

3050 
2960 
2860 

~2700 

[44] 
[45] 

[46] [47] 
[39] 

    
2.8 Vapor pressure 
2.8.1 Vapor pressures of U(g), Np(g), Pu(g) and Am(g) over UN, NpN, PuN and AmN 

The major vapor species over actinide mononitrides are mono-atomic actinide gas, such 
as U(g), Np(g), Pu(g) and Am(g), and nitrogen gas, N2(g). 

Equilibrium vapor pressures of mono-atomic actinide gas, pU(g), pNp(g), pPu(g) and pAm(g) 
over UN(s) [48], NpN(s) [49], PuN(s) [48] and AmN(s) [50] prepared by the carbothermic 
reduction are fitted to the following equations. 

 
     log pU(g)(Pa) = 10.65 – 25600/T  (1753 ≤ T(K) ≤ 2028)    (2-8-1) 
 
     log pNp(g)(Pa) = 10.26 – 22200/T  (1690 ≤ T(K) ≤ 2030)     (2-8-2) 
 
     log pPu(g)(Pa) = 11.74 – 22500/T  (1558 ≤ T(K) ≤ 1738)      (2-8-3) 
 
     log pAm(g)(Pa) = 12.91 – 20200/T  (1623 ≤ T(K) ≤ 1733)      (2-8-4) 
 
Vapor pressures of pU(g), pNp(g) and pPu(g) over UN(s), NpN(s) and PuN(s) were measured 

by high-temperature mass spectrometry [48,49]. On the other hand, that of pAm(g) over 
AmN(s) was estimated from the Gibbs free energy of formation available in literature [51]. 

Vapor pressures of pPu(g) and pAm(g) over PuN(s) and AmN (s) shown in Fig. 2-8-1 
represent the congruent vaporization following PuN(s) = Pu(g) + 0.5N2(g) and AmN(s) = 
Am(g) + 0.5N2(g), respectively. On the other hand, those of pU(g) and pNp(g) over UN(s) and 
NpN (s) shown in the same figure represent the incongruent vaporization following UN(s) = 
U(l) + 0.5N2(g), U(l) = U(g) and NpN(s) = Np(l) + 0.5N2(g), Np(l) = Np(g), respectively. 
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Fig. 2-8-1 Equilibrium vapor pressures of U(g), Np(g), Pu(g) and Am(g) 

over UN, NpN, PuN and AmN 
 

2.8.2 Vapor pressures of U(g) and Pu(g) over (U,Pu)N 
Temperature and composition dependences of equilibrium vapor pressures of U(g) and 

Pu(g), pU(g) and pPu(g), over (U1-xPux)N (x=0.20 and 0.35 for U(g), and x=0.2, 0.35, 0.60 and 
0.80 for Pu(g)) solid solutions are reported by Suzuki, et al. [48]. The samples were 
prepared in the same manner as mentioned in 2.4.3. The results for pU(g) and pPu(g) are 
fitted to the following equations. 

 
     (U0.80Pu0.20)N : 
     log pU(g)(Pa) = 10.90 – 26400/T  (1793 ≤ T(K) ≤ 1913)    (2-8-5) 
     log pPu(g)(Pa) = 9.86 – 20500/T  (1653 ≤ T(K) ≤ 1933)     (2-8-6) 
 
     (U0.65Pu0.35)N : 
     log pU(g)(Pa) = 11.03 – 26900/T  (1813 ≤ T(K) ≤ 1833)    (2-8-7) 
     log pPu(g)(Pa) = 9.59 – 19600/T  (1593 ≤ T(K) ≤ 1833)     (2-8-8) 
 
     (U0.40Pu0.60)N : 
     log pPu(g)(Pa) = 11.14 – 22000/T  (1553 ≤ T(K) ≤ 1773)      (2-8-9) 
 
     (U0.20Pu0.80)N : 
     log pPu(g)(Pa) = 10.76 – 21100/T  (1553 ≤ T(K) ≤ 1773)      (2-8-10) 
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The same authors evaluated the activities of PuN in (U1-xPux)N from pPu(g) assuming the 
congruent evaporation of PuN. Further, those of UN in (U1-xPux)N were evaluated by use of 
the Gibbs-Duhem treatment. The results shown in Table 2-8-1 suggest that the activity 
coefficients of UN and PuN are nearly unity in UN-rich region of (U,Pu)N, but considerably 
deviate from unity in PuN-rich region of (U,Pu)N at 1700 K. 

 
Table 2-8-1 Activities and activity coefficients of UN and PuN in (U,Pu)N at 1700 K 

 
 UN PuN 

Activity Activity coefficients Activity Activity coefficients 
(U0.80Pu0.20)N 
(U0.65Pu0.35)N 
(U0.40Pu0.60)N 
(U0.20Pu0.80)N 

0.802 
0.655 
0.460 
0.227 

1.003 
1.008 
1.149 
1.135 

0.195 
0.336 
0.499 
0.674 

0.975 
0.960 
0.832 
0.843 

 
2.9 Gibbs free energy of formation 
2.9.1 Gibbs free energies of formation of UN, NpN, PuN and AmN 

Thermodynamic functions of UN are summarized by Hayes, et al., in which Gibbs free 
energy of formation, ΔfG, of UN is fitted to the following equation [9]. Matsui and Ohse also 
reported ΔfG of UN [52] and the values in two studies agree well each other below 1800 K. 

 
     ΔfGUN (J/mol) = -2.941 105 + 80.98 T – 0.04640 T2 + 3.085 10-6 T3 – 1.710 106 / T 
     (298 < T(K) < 2628)         (2-9-1) 
 
For NpN, ΔfG is reported by Nakajima, et al., which is fitted to the following equation 

[49]. 
     ΔfGNpN (J/mol) = -2.959 105 + 89.88 T   (1690 < T(K) < 2030) (2-9-2) 
 
Matsui and Ohse summarized thermodynamic functions of PuN, in which ΔfG of PuN is 

fitted to the following equation [52]. 
 
     ΔfGPuN (J/mol) = -3.384 105 + 152.0 T – 0.03146 T2 – 5.998 10-6 T3 + 6.844 106 / T 
     (298 < T(K) < 3000)         (2-9-3) 
 
For AmN, Ogawa, et al. estimated ΔfG of AmN from the partial pressure of Am(g) over 

PuN containing 1.3 at% of 241Am generated by decay of 241Pu [50]. The results are fitted to 
the following equation.  
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     ΔfGAmN (J/mol) = -2.977 105 + 92.05 T   (298 < T(K) < 1600) (2-9-4) 
 
The Gibbs free energies of formation of UN, NpN, PuN and AmN fitted to Eqs. (2-9-1), 

(2-9-2), (2-9-3) and (2-9-4) are shown in Fig. 2-9-1. 

 
Fig. 2-9-1 Gibbs free energies of formation for UN, NpN, PuN and AmN 

 
2.9.2 Gibbs free energy of formation of (U,Pu)N 

Gibbs free energy of formation, ΔfG, of (U0.8Pu0.2)N is given by Matsui and Ohse using an 
ideal-solution model on UN and PuN [54], which is fitted to the following equation. 

 
     ΔfG(U,Pu)N (J/mol) = -2.909 105 + 67.56 T + 0.007980 T2 – 1.098 10-6 T3 – 7.455 105/T 
     (298 < T(K) < 3000)         (2-9-5) 
 
The results reported by Kent and Leary [53] for ΔfG of (U0.8Pu0.2)N almost agree with 

those by Matsui and Ohse [52] shown in Fig. 2-9-2. 
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Fig. 2-9-2 Gibbs free energies of formation for (U0.8Pu0.2)N besides UN and PuN 
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2.10 Thermodynamic functions 
2.10.1 Standard thermodynamic functions of UN 

The standard thermodynamic functions of UN are tabulated by Uno, et al. [15] as shown 
in Table 2-10-1, using the results reviewed by Hayes, et al. [9], and Matsui and Ohse [52]. 

 
Table 2-10-1 Standard thermodynamic functions of UN [14] 

 

 
2.10.2 Standard thermodynamic functions of PuN 

The standard thermodynamic functions of PuN are tabulated by Uno, et al. [15] as shown 
in Table 2-10-2, using the results reviewed by Matsui and Ohse [52]. 

 
2.10.3 Standard thermodynamic functions of (U,Pu)N  

The standard thermodynamic functions of (U0.8Pu0.2)N are tabulated by Uno, et al. [15] 
as shown in Table 2-10-3, using the results reviewed by Matsui and Ohse [52]. 
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Table 2-10-2 Standard thermodynamic functions of PuN [15] 

 
 

Table 2-10-3 Standard thermodynamic functions of (U0.8Pu0.2)N [15] 
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2.11 Mechanical properties 
2.11.1 Young’s modulus, shear modulus, bulk modulus and Poisson ratio of UN, U(C,N), 
(U,Pu)N and (U,Pu)(C,N) 

Reports on mechanical properties on actinide nitrides are very limited except for UN. 
Matzke [1] summarized available elastic properties of UN, U(C,N), (U,Pu)N and 
(U,Pu)(C,N) at room temperature as shown in Table 2-11-1 [54-59]. Porosity dependence is 
given for Young modulus only, in which P is the fractional porosity. 

 
Table 2-11-1 Elastic moduli (Young’s, shear and bulk modulus) and Poisson ratio at room 
temperature 
 

Material Moduli (in GPa) Poisson 
ratio, ν 

Ref. 
Young’s, E shear, G bulk, K 

UN 
UN 
UN 
UC0.5N0.5 
(U0.85Pu0.15)N 
(U0.85Pu0.15)C0.85N0.15 

262 (1-2.27 P) 
267 (1-2.7 P) 
265 
245.7 
280 (1-2.7 P) 
188.8 a) 

103.7 
103.9 
104.2 
98.0 
110 

74.7 a) 

184.2 
205.9 
191.5 
165.8 
205 

134 a) 

0.263 
0.284 
0.272 
0.253 
0.27 

0.265 a) 

[54] 
[55] 
[56] 
[57] 

[57,58] 
[57,59] 

 a) For a specimen with 91.3%TD 
 
On the other hand, Hayes, et al. summarized the experimental data of E, G, K and ν of 

UN and suggested the following fitting equations as a function of temperature T (K) and 
density D (%TD) [7]. 
 
E(MPa) = 2.58 10-1 D3.002 (1-2.375 10-5 T)  (298≤T(K)≤1473, 70≤D(%TD)≤100)  (2-11-1) 

 
G(MPa) = 1.44 10-2 D3.446 (1-2.375 10-5 T)  (298≤T(K)≤1473, 70≤D(%TD)≤100)  (2-11-2) 

 
K(MPa) = 1.33 10-3 D4.074 (1-2.375 10-5 T)  (298≤T(K)≤1473, 70≤D(%TD)≤100)  (2-11-3) 

 
    ν = 1.26 10-3 D1.174  (298≤T(K)≤1473, 70≤D(%TD)≤100)      (2-11-4) 
 
Thetford, et al. assumed the following equations for the temperature dependence of E 

and G of (U,Pu,Zr)N in their modeling study [60]. P in the equations denotes the fractional 
porosity. 

 
    E(GPa) = 280 (1.0274 - 0.92 10-4 T) (1 – 2.7 P)         (2-11-5) 
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    G(GPa) = 110 (1.0274 - 0.92 10-4 T) (1 – 2.62 P)         (2-11-6) 
 

2.11.2 Hardness of UN, PuN, (U,Pu)N, U(C,N) and (U,Pu)(C,N) 
Table 2-11-2 shows the Vickers hardness of UN, PuN, (U,Pu)N, U(C,N) and (U,Pu)(C,N) 

at room temperature [1,61-65] summarized by Matzke [1]. The temperature dependence of 
the Vickers hardness of UN, PuN and (U0.7Pu0.3)N is also briefly mentioned [1]. 

It should be noted that the hardness data of ceramics measured by the Vickers-diamond 
indentation are influenced by microstructure and impurity contents, and these effects are 
particularly important at high temperature. Also the load dependence is often observed. 

 
Table 2-11-2 Vickers hardness data of UN, PuN, (U,Pu)N, U(C,N) and (U,Pu)(C,N) at room 
temperature 
 

Material H (GPa) Load (N) Ref. 
UN 
(U0.7Pu0.3)N 
(U0.8Pu0.2)N 
PuN 
U(C1-xNx) 
(U0.8Pu0.2)(C1-xNx) 

4.6 
5.1 
6.6 
3.3, 4.7 
6.5 (x=1) ~ 9 (x=0.5) 
5.5 (x=1) ~ 11 (x=0) 

15.1 
98.1 
0.49-1.96 
1.96 
0.49 
0.49 

[61] 
[62] 
[63] 
[64], [65] 
[1] 
[1] 

     
On the other hand, Hayes, et al., summarized the experimental hardness data of UN and 

suggested the following fitting equation as a function of temperature T(K) and porosity P 
[7]. 

 
HD (kg/mm2) = 951.8 (1-2.1 P) exp(-1.882 10-3 T)   (298≤T(K)≤1673, 0≤P≤0.26)  (2-11-7) 
 

2.11.3 Thermal creep of UN, U(C,N) and (U,Pu)(C,N) 
Limited creep data exist for UN, U(C,N) and (U,Pu)(C,N) and they are summarized by 

Matzke [1]. Quite generally, the steady state creep rate, έ=d /dt, in which  is the measured 
length change of specimen, is a function of the applied stress σ, temperature T, composition 
of the specimen, grain size d, and orientation in case of a single crystal. The steady state 
creep rate is described in terms of the following simplified empirical equation. 

 
    έ = A σn exp(-ΔH/RT)            (2-11-8) 
 

where A and n are constants at a constant composition and structure. Hayes, et al. 
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suggested that A(h-1)=7.39, n=4.5 and ΔH(kJ/mol)=326.8 for UN and the following porosity 
correction factor [7]. 
 

    f (P) = {0.987 / (1-P)27.6} exp(-8.65P)     (2-11-9) 
 
But the existing creep data for actinide nitrides are not so clear and not quantitatively 

understood at present. A dependence of creep rate on nitrogen partial pressure may also 
exist. Matzke concluded that it is premature to suggest equations for nitride fuel at present 
[1]. 

Thetford, et al. assumed the creep rate of (U,Pu,Zr)N as the following equation in their 
modeling study [60]. 

 
    έ (s-1) = exp(25P) [6.46 10-6 σ6 exp(-37750/T) + 5.33 10-32 σF’]  (2-11-10) 
 

where P is the porosity and F’ is the fission rate (fissions/m3/s). 
Besides, the creep data of UN, (U,Nd)N and (U,Zr)N measured by micro-indentation 

technique exist in JAEA. It is suggested that the addition of Nd or Zr to UN results in 
lowering creep rates as shown in Fig. 2-11-1 [66]. 

 

 

Fig. 2-11-1 Thermal creep rates of UN (left) and (U,Nd)N (right) measured by 
micro-indentation technique 
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2.11.4 Thermal and irradiation creep of UN 

Thermal creep predominates at high temperatures, while irradiation creep predominates 
at low temperatures in UN [14]. The thermal creep rate of UN, έT(s-1), is calculated from 
the following equation as a function of temperature T(K), gap pressure σ(MPa) and porosity 
P, which is suggested by Hayes, et al. [7]. 

 
    έT = 2.054 10-3 σ4.5 exp(-39369.5/T)  {0.987 exp(-8.65P) / (1-P)27.6} (2-11-11) 
 

The solid line in Fig. 2-11-2 shows the calculated thermal creep rate of UN, assuming σ=20 
MPa and P=0.15 

On the other hand, the irradiation creep rate of UN, έI(s-1), is calculated from the 
following equation as a function of gap pressure σ(MPa), porosity P and fission rate density 
f(fissions/cm3/s), which is suggested by Billone, et al. [67]. 

 
    έI = 1.81 10-26 (1 + 1250 P2) f σ     (2-11-12) 
 

The dashed line in Fig. 2-11-2 shows the calculated irradiation creep rate of UN, assuming 
σ=20 MPa, P=0.15 and f=1013 fissions/cm3/s. 

 
Fig. 2-11-2 Thermal and irradiation creep rates of UN 

at P=0.15, σ=20 MPa, f=1013 fissions/cm3/s 
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2.12 Diffusion characteristics 
2.12.1 Nitrogen diffusion in UN 

Existing data for nitrogen diffusion in UN show a pronounce dependence on nitrogen 
partial pressure. These results indicate an interesting mechanism for nitrogen diffusion 
showing the dependence on the square root of nitrogen partial pressure [12]. The non-metal 
atom diffusion is considerably slower in UN than in UC. Data for nitrogen diffusion in PuN 
and (U,Pu)N are not available. 

On the other hand, Hayes, et al. suggested the following Arrhenius equation for nitrogen 
diffusion in UN [8], 

 
    DN in UN (cm2/s) = 2.252 10-5 PN0.4134 g-0.737+2.179 10-4 T exp(-19214.7/T) (2-12-1) 
 

where T is temperature in K, PN is nitrogen pressure in atm and g is grain size in m. 
 

2.12.2 Pu diffusion in (U,Pu)N and U diffusion in UN 
Data for Pu diffusion in (U,Pu)N are collected by applying the so-called “ -energy 

degradation method”, in which -particles emitted from Pu atom lose energy by ionization 
on their way to the surface, thus giving rise to counts in the energy spectrum at lower 
energy. The following Arrhenius equations for Pu diffusion in (a) (U0.81Pu0.19)N1.01C0.01O0.09 
and (b) (U0.81Pu0.19)N0.98C0.01O0.04 are reported, respectively [1]. These results were obtained 
at a constant nitrogen pressure (p(N2)=53 kPa) and therefore not at a constant composition. 

 
    (a) DPu in (U,Pu)N (cm2/s) = 0.019 exp(-107600/RT)   (2-12-2) 
 
    (b) DPu in (U,Pu)N (cm2/s) = 0.25 exp(-118600/RT)   (2-12-3) 
 

where R is gas constant and Tis temperature in K. Nitrogen partial pressure dependences 
of DPu in (U,Pu)N at three different temperatures are also reported [1]. At 1923K, a relation 
DPu in (U,Pu)N  p(N2)1/n with n=4.2, whereas at 1993 and 2083K, n=6.8 and n=200, 
respectively. DPu in (U,Pu)N becomes practically independent of p(N2) at higher temperatures. 

Reliable experimental data for U diffusion in UN are lacking. However, Hayes, et al. 
suggested the following Arrhenius equation for U diffusion in UN [8]. 

 
    DU in UN (cm2/s) = 2.215 10-11 PN0.6414 exp(-7989.3/T)   (2-12-4) 
 

where T is temperature in K and PN is nitrogen pressure in atm. 
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2.12.3 Fission gas atom diffusion in UN and (U,Pu)N 
The fission gas atom diffusion coefficient D (cm2/s) is proposed as the following equation 

with an additional burnup factor FB by Weinstein, et al. [68]. 
 
    D = FB 8.22 10-31 f + 2.37 10-30 exp(-18800/T) + 10-18 f exp(-18400/T)/K2T2   (2-12-5) 
 

where f is the fission rate density (fissions/cm3/s), K is the thermal conductivity (W/cm/K) 
and T is the temperature (K). This equation is derived based on measurements of 88Kr from 
the irradiated UN fuel pins at 6% burnup and assumes complete interconnection of 
circumferential intergranular porosity, which is appropriate for high as-fabricated porosity. 
The burnup factor FB takes into account the effect of fission product accumulation which is 
more pronounced on the low temperature components of the diffusion coefficient. 
 

    FB = 30 + BU             (2-12-6) 
 

where BU is the burnup (MWd/kg). 
On the other hand, Thetford, et al. recommend the following equation of inert gas atom 

diffusion in (U,Pu)N in their modeling study [60], which is derived from the Xe diffusion 
data by Blank [12]. 

 
    DXe, nitride (m2/s) = 1.143 10-7 exp(-35225/T)          (2-12-7) 
 

where T is temperature in K. 
 

2.13 Fission gas release 
2.13.1 Fission gas release of UN and (U,Pu)N 

Storms suggested the following fitting equation of fission gas release R (%) of UN and 
(U,Pu)N as a function of temperature T (K), burnup B (at%) and theoretical density TD (%) 
by summarizing 95 experimental data sets of UN and 39 experimental data sets of (U,Pu)N, 
for up to T=2000 K, up to B=20 at% and for 80<TD(%)<97 [10]. 

 
    R = 100 / [exp {0.0025 (90 TD0.77/ B0.09 – T)} + 1]         (2-13-1) 
 

The standard deviation and the average fractional error of R (%) are evaluated at 3.2 and 
-2.8, respectively. 

Bauer, et al. noted from their irradiation data of (U,Pu)N that fission gas release rate 
(%/%FIMA) increases drastically (~20 times higher) when fuel porosity increases from 10% 
to 20% [68]. This was explained by the change of mechanism from recoil release to release 
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through surface connected porosity. 
Fig. 2-13-1 shows the fission gas release rate of UN calculated from Eq. (2-13-1) 

assuming that T=1473 K and TD=85% or 95%. 

 
Fig. 2-13-1 Fission gas release rate of UN 

 
2.14 Swelling characteristics 
2.14.1 Swelling of UN and (U,Pu)N 

Mechanism of swelling of nitride fuel, as well as carbide fuel and carbonitride fuel, was 
investigated in detail in ITU [1,12]. The goal of the study, “Swelling of Advanced Fuels”, 
was clarification of basic processes contributing to swelling, being discussed with the fuel 
structure and fuel temperature. A critical temperature, above which fission gas bubble 
swelling accelerates, for (U,Pu)N was estimated at about 1573-1673 K.  

Bauer, et al. also summarized the measured swelling rates of nitride fuel and suggested 
the similar critical temperature for both low-density (<84%TD) and high-density (>94%TD) 
fuel pellets [68]. Below the critical temperature, a swelling rate of around 1%ΔV/V per at% 
burnup is recommended for (U,Pu)N in general. 

Ross, et al. proposed the following fitting equation of swelling of UN fuel with Nb-1%Zr 
and PWC-11 cladding tubes (namely, restrained swelling with cladding tube) as a function 
of volume averaged fuel temperature Tav (K), fuel burnup B (at%) and fuel density TD (% of 
theoretical density) [11]. 

 
    ΔV/V (%) = 4.7 10-11 Tav3.12 B0.83 TD0.5    (2-14-1) 
 
Eq. (2-14-1) can be written in terms of maximum fuel temperature Tm as following. 
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    ΔV/V (%) = 1.16 10-8 Tm2.36 B0.82 TD0.5    (2-14-2) 
 
The uncertainties of these restrained swelling correlations are within ± 25 % at B > 1.12 

at%. Those at lower burnups (B < 1.12 at%) results in a deviation as high as ± 60 %. 
On the other hand, the fitting equation for unrestrained swelling (namely, swelling 

without cladding tube) is not available for UN and (U,Pu)N. The following equation 
proposed by Zimmermann shows the results for (U,Pu)C fuel at 500 ≤ T(K) ≤ 2000 [69]. 

 
    S = 0.8 B + C1 {1 - exp(-C2 B)}     (2-14-3) 
 
    C1 = 10 + 24 / [1 + exp{(1400-T)/74}] 
 
    C2 = 0.06 + 8.25 103 exp{(-2.027 104)/T} 
 
    T = (1 – tTmax/t) Tm + (tTmax/t) Tmax 

 
where S is the unrestrained swelling (vol.%), B is the burnup (%), T is the Fuel 
temperature (K), Tm is the time-averaged temperature (K), Tmax is the maximum fuel 
temperature (K), t is the irradiation period and tTmax is the time at which maximum fuel 
temperature is observed. 
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3. Summary 
 
Published data from JAEA as well as from other organizations on properties of TRU 

nitrides are summarized as a “Property Database of TRU Nitride Fuel”. The collected and 
evaluated data cover the properties needed for the design of ADS. As mentioned in the 
Introduction, property data on TRU nitrides are often lacking. In such cases, those on UN 
and (U,Pu)N are substitutionally shown in order to complement the database and facilitate 
the design with tolerable accuracy. Data are formulated as functions of composition, 
temperature, density, etc. as much as possible for corresponding to a variety of conditions. 
The present database will be useful to not only the design of ADS but also planning and 
licensing irradiation tests for demonstrating the fuel performance of ADS and potential 
advanced reactors with nitride fuel.  

Although we can obtain the results of post-irradiation examination (PIE) of UN and 
(U,Pu)N carried out so far, TRU nitride fuels may show some different irradiation behavior 
from those of UN and (U,Pu)N. As the next step, the irradiation tests of TRU nitride fuels 
are planned in JAEA in order to contribute to the advance of fuel design and the 
demonstration of fuel performance of ADS. 
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国際単位系（SI）

乗数　 接頭語 記号 乗数　 接頭語 記号

1024 ヨ タ Ｙ 10-1 デ シ d
1021 ゼ タ Ｚ 10-2 セ ン チ c
1018 エ ク サ Ｅ 10-3 ミ リ m
1015 ペ タ Ｐ 10-6 マイクロ µ
1012 テ ラ Ｔ 10-9 ナ ノ n
109 ギ ガ Ｇ 10-12 ピ コ p
106 メ ガ Ｍ 10-15 フェムト f
103 キ ロ ｋ 10-18 ア ト a
102 ヘ ク ト ｈ 10-21 ゼ プ ト z
101 デ カ da 10-24 ヨ ク ト y

表５．SI 接頭語

名称 記号 SI 単位による値

分 min 1 min=60s
時 h 1h =60 min=3600 s
日 d 1 d=24 h=86 400 s
度 ° 1°=(π/180) rad
分 ’ 1’=(1/60)°=(π/10800) rad
秒 ” 1”=(1/60)’=(π/648000) rad

ヘクタール ha 1ha=1hm2=104m2

リットル L，l 1L=11=1dm3=103cm3=10-3m3

トン t 1t=103 kg

表６．SIに属さないが、SIと併用される単位

名称 記号 SI 単位で表される数値

電 子 ボ ル ト eV 1eV=1.602 176 53(14)×10-19J
ダ ル ト ン Da 1Da=1.660 538 86(28)×10-27kg
統一原子質量単位 u 1u=1 Da
天 文 単 位 ua 1ua=1.495 978 706 91(6)×1011m

表７．SIに属さないが、SIと併用される単位で、SI単位で
表される数値が実験的に得られるもの

名称 記号 SI 単位で表される数値

キ ュ リ ー Ci 1 Ci=3.7×1010Bq
レ ン ト ゲ ン R 1 R = 2.58×10-4C/kg
ラ ド rad 1 rad=1cGy=10-2Gy
レ ム rem 1 rem=1 cSv=10-2Sv
ガ ン マ γ 1γ=1 nT=10-9T
フ ェ ル ミ 1フェルミ=1 fm=10-15m
メートル系カラット 1メートル系カラット = 200 mg = 2×10-4kg
ト ル Torr 1 Torr = (101 325/760) Pa
標 準 大 気 圧 atm 1 atm = 101 325 Pa

1cal=4.1858J（｢15℃｣カロリー），4.1868J
（｢IT｣カロリー）4.184J（｢熱化学｣カロリー）

ミ ク ロ ン µ  1 µ =1µm=10-6m

表10．SIに属さないその他の単位の例

カ ロ リ ー cal

(a)SI接頭語は固有の名称と記号を持つ組立単位と組み合わせても使用できる。しかし接頭語を付した単位はもはや
　コヒーレントではない。
(b)ラジアンとステラジアンは数字の１に対する単位の特別な名称で、量についての情報をつたえるために使われる。

　実際には、使用する時には記号rad及びsrが用いられるが、習慣として組立単位としての記号である数字の１は明
　示されない。
(c)測光学ではステラジアンという名称と記号srを単位の表し方の中に、そのまま維持している。

(d)ヘルツは周期現象についてのみ、ベクレルは放射性核種の統計的過程についてのみ使用される。

(e)セルシウス度はケルビンの特別な名称で、セルシウス温度を表すために使用される。セルシウス度とケルビンの

　 単位の大きさは同一である。したがって、温度差や温度間隔を表す数値はどちらの単位で表しても同じである。

(f)放射性核種の放射能（activity referred to a radionuclide）は、しばしば誤った用語で”radioactivity”と記される。

(g)単位シーベルト（PV,2002,70,205）についてはCIPM勧告2（CI-2002）を参照。

（a）量濃度（amount concentration）は臨床化学の分野では物質濃度

　　（substance concentration）ともよばれる。
（b）これらは無次元量あるいは次元１をもつ量であるが、そのこと
 　　を表す単位記号である数字の１は通常は表記しない。

名称 記号
SI 基本単位による

表し方

秒ルカスパ度粘 Pa s m-1 kg s-1

力 の モ ー メ ン ト ニュートンメートル N m m2 kg s-2

表 面 張 力 ニュートン毎メートル N/m kg s-2

角 速 度 ラジアン毎秒 rad/s m m-1 s-1=s-1

角 加 速 度 ラジアン毎秒毎秒 rad/s2 m m-1 s-2=s-2

熱 流 密 度 , 放 射 照 度 ワット毎平方メートル W/m2 kg s-3

熱 容 量 , エ ン ト ロ ピ ー ジュール毎ケルビン J/K m2 kg s-2 K-1

比熱容量，比エントロピー ジュール毎キログラム毎ケルビン J/(kg K) m2 s-2 K-1

比 エ ネ ル ギ ー ジュール毎キログラム J/kg m2 s-2

熱 伝 導 率 ワット毎メートル毎ケルビン W/(m K) m kg s-3 K-1

体 積 エ ネ ル ギ ー ジュール毎立方メートル J/m3 m-1 kg s-2

電 界 の 強 さ ボルト毎メートル V/m m kg s-3 A-1

電 荷 密 度 クーロン毎立方メートル C/m3 m-3 sA
表 面 電 荷 クーロン毎平方メートル C/m2 m-2 sA
電 束 密 度 ， 電 気 変 位 クーロン毎平方メートル C/m2 m-2 sA
誘 電 率 ファラド毎メートル F/m m-3 kg-1 s4 A2

透 磁 率 ヘンリー毎メートル H/m m kg s-2 A-2

モ ル エ ネ ル ギ ー ジュール毎モル J/mol m2 kg s-2 mol-1

モルエントロピー, モル熱容量ジュール毎モル毎ケルビン J/(mol K) m2 kg s-2 K-1 mol-1

照射線量（Ｘ線及びγ線） クーロン毎キログラム C/kg kg-1 sA
吸 収 線 量 率 グレイ毎秒 Gy/s m2 s-3

放 射 強 度 ワット毎ステラジアン W/sr m4 m-2 kg s-3=m2 kg s-3

放 射 輝 度 ワット毎平方メートル毎ステラジアン W/(m2 sr) m2 m-2 kg s-3=kg s-3

酵 素 活 性 濃 度 カタール毎立方メートル kat/m3 m-3 s-1 mol

表４．単位の中に固有の名称と記号を含むSI組立単位の例

組立量
SI 組立単位

名称 記号

面 積 平方メートル m2

体 積 立法メートル m3

速 さ ， 速 度 メートル毎秒 m/s
加 速 度 メートル毎秒毎秒 m/s2

波 数 毎メートル m-1

密 度 ， 質 量 密 度 キログラム毎立方メートル kg/m3

面 積 密 度 キログラム毎平方メートル kg/m2

比 体 積 立方メートル毎キログラム m3/kg
電 流 密 度 アンペア毎平方メートル A/m2

磁 界 の 強 さ アンペア毎メートル A/m
量 濃 度 (a) ， 濃 度 モル毎立方メートル mol/m3

質 量 濃 度 キログラム毎立法メートル kg/m3

輝 度 カンデラ毎平方メートル cd/m2

屈 折 率 (b) （数字の）　１ 1
比 透 磁 率 (b) （数字の）　１ 1

組立量
SI 基本単位

表２．基本単位を用いて表されるSI組立単位の例

名称 記号
他のSI単位による

表し方
SI基本単位による

表し方
平 面 角 ラジアン(ｂ) rad 1（ｂ） m/m
立 体 角 ステラジアン(ｂ) sr(c) 1（ｂ） m2/m2

周 波 数 ヘルツ（ｄ） Hz s-1

ントーュニ力 N m kg s-2

圧 力 , 応 力 パスカル Pa N/m2 m-1 kg s-2

エ ネ ル ギ ー , 仕 事 , 熱 量 ジュール J N m m2 kg s-2

仕 事 率 ， 工 率 ， 放 射 束 ワット W J/s m2 kg s-3

電 荷 , 電 気 量 クーロン A sC
電 位 差 （ 電 圧 ） , 起 電 力 ボルト V W/A m2 kg s-3 A-1

静 電 容 量 ファラド F C/V m-2 kg-1 s4 A2

電 気 抵 抗 オーム Ω V/A m2 kg s-3 A-2

コ ン ダ ク タ ン ス ジーメンス S A/V m-2 kg-1 s3 A2

バーエウ束磁 Wb Vs m2 kg s-2 A-1

磁 束 密 度 テスラ T Wb/m2 kg s-2 A-1

イ ン ダ ク タ ン ス ヘンリー H Wb/A m2 kg s-2 A-2

セ ル シ ウ ス 温 度 セルシウス度(ｅ) ℃ K
ンメール束光 lm cd sr(c) cd

スクル度照 lx lm/m2 m-2 cd
放射性核種の放射能（ ｆ ） ベクレル（ｄ） Bq s-1

吸収線量, 比エネルギー分与,
カーマ

グレイ Gy J/kg m2 s-2

線量当量, 周辺線量当量, 方向

性線量当量, 個人線量当量
シーベルト（ｇ） Sv J/kg m2 s-2

酸 素 活 性 カタール kat s-1 mol

表３．固有の名称と記号で表されるSI組立単位
SI 組立単位

組立量

名称 記号 SI 単位で表される数値

バ ー ル bar １bar=0.1MPa=100kPa=105Pa
水銀柱ミリメートル mmHg 1mmHg=133.322Pa
オングストローム Å １Å=0.1nm=100pm=10-10m
海 里 Ｍ １M=1852m
バ ー ン b １b=100fm2=(10-12cm)2=10-28m2

ノ ッ ト kn １kn=(1852/3600)m/s
ネ ー パ Np
ベ ル Ｂ

デ ジ ベ ル dB       

表８．SIに属さないが、SIと併用されるその他の単位

SI単位との数値的な関係は、
　　　　対数量の定義に依存。

名称 記号

長 さ メ ー ト ル m
質 量 キログラム kg
時 間 秒 s
電 流 ア ン ペ ア A
熱力学温度 ケ ル ビ ン K
物 質 量 モ ル mol
光 度 カ ン デ ラ cd

基本量
SI 基本単位

表１．SI 基本単位

名称 記号 SI 単位で表される数値

エ ル グ erg 1 erg=10-7 J
ダ イ ン dyn 1 dyn=10-5N
ポ ア ズ P 1 P=1 dyn s cm-2=0.1Pa s
ス ト ー ク ス St 1 St =1cm2 s-1=10-4m2 s-1

ス チ ル ブ sb 1 sb =1cd cm-2=104cd m-2

フ ォ ト ph 1 ph=1cd sr cm-2 104lx
ガ ル Gal 1 Gal =1cm s-2=10-2ms-2

マ ク ス ウ ｪ ル Mx 1 Mx = 1G cm2=10-8Wb
ガ ウ ス G 1 G =1Mx cm-2 =10-4T
エルステッド（ ｃ ） Oe 1 Oe　  (103/4π)A m-1

表９．固有の名称をもつCGS組立単位

（c）３元系のCGS単位系とSIでは直接比較できないため、等号「　　 」

　　 は対応関係を示すものである。
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