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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.

Keywords: Property Database, Transuranium (TRU), Nitride Fuel, Accelerator-driven

System (ADS), Transmutation, Minor Actinide (MA), ZrN
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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 (MAo.14-0.16Pu0.10-0.12Z10.73-0.75)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.
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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, Mxp, Mpu, Mam, Mcm and M) 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 (Zri-w-x-y--NpwPuxAmyCm,)N is calculated from

the following equation, in which atomic weight of Zr (Mz:) is assumed to be 91.22.

M = (1-w-x-y-z) Mz + w Mnp + X Mpu + ¥ Mam + z Mcm + Mx
=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 (Zri-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, Npl5N,
PulsN, Am15N and Cm!5N are listed in Table 2-1-2.

Table 2-1-2 Molecular weights of U5N, Np!°N, Pu!’N, Am!5N and Cm15N

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

Similarly, molecular weight of (Zri-wxy:NpwPuxAmyCmz)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 (Zri-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

Lattice parameter of actinide mononitrides
0.505

Cml

0.500 Armi

0.495

Pur

Lattice parameter (nm)

i

0.490 U

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 (Ui-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 + 1.63x103 x (2-2-1)

Similarly, theoretical density of (Ui-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) = 6.642x10°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-xPuxN calculated from Eq. (2-2-1) and Eq. (2-2-2), respectively, assuming Mu=238.03
and Mpy,=239.26.

Crystal data of (U,Pu)N

0A910 T T P o e et s ] DT 7 ) e et ey 1433
I 1 1432
0.4905 H
1 1431
0.4900 ]
i 14.30
] o
= s ] a
£ 04895 11429 3
o ] =
I { 14.28
0.4390
1 14.27
0.4885 ]
I { 14.26
0 ASE R s Wi S S U et O i e M 14.25

0 0.2 0.4 0.6 0.5 1
¥in il Pu N
1-% W

Fig. 2-2-2 Lattice parameter and theoretical density of (UixPux)N with natural nitrogen

In case N-15 enriched nitrogen to 99.9% is used, theoretical density of (Ui-xPux)15N is
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calculated from Eq. (2-2-3).
D (g/cm3) = 6.642x103 {(1-x) Mu + x Mpu +15.00} / a3 (2-2-3)

2.2.3 Lattice parameter and theoretical density of (Zri-wxyzNpwPuxAmyCmz)N

Lattice parameter of (Zri-wxy-NpwPuxAmyCm,)N solid solution at room temperature is
calculated from the following equation assuming the Vegard’s law between NpN, PulN,
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 + 3.204x102 w + 3.294x102 x + 4.154x102 y + 4.514x102 z (2-2-4)
Similarly, theoretical density of (Zri-w-xyz:NpwPuxAmyCm.)N solid solution at room
temperature is calculated from the following equation, in which Mxp, 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) = 6.642x10°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) = 6.642x103 (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% 1is wused, theoretical density of

(Zr1-wx-y-2NpwPuxAmyCm,)15N is calculated from the following equation.

D (g/cm3) = 6.642x103 (106.22 + 145.78 w + 148.04 x+ 149.78 y + 152.78 z) /a3 (2-2-7)
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Crystal data of (Zr,Pu,Am)N
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Fig. 2-2-3 Lattice parameter and theoretical density of (Zri-2xPuxAmx)N with natural

nitrogen

2.2.4 Densities of UN, PuN and (U,PwN in liquid state

Sheth and Leibowitz evaluated the densities of UN, PuN and (Uo.sPo.2)N in liquid state,
assuming that the volume change at melting, AV/Vs, is 15 % and the ratio of thermal
expansion coefficient of solid and liquid, as/ai, is 0.5 [18]. Based on these assumptions,

density in liquid state is calculated from the following equation.
D(T) = D2gs / [1.15 x {1 + 8 (T 298) as} x {1 + 3 (T-Tw) a}] (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 Dags, Tm, as and ai of UN, PuN and (UosPo2)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 (Uo.sPuo.2)N
in liquid state from Eq. (2-2-8)

Compound as (K1) ar (K1) T (K) AV/IVs (%) Dags
(g/cm3)
UN 10.8x106 21.6x106 3035 15 14.32
PuN 19.5x106 39.0x106 2843 15 14.24
(Uo.sPuo2)N | 11.4x106 | 22.8x10°6 3053 15 14.30

Density of UN, PuN and (U,Pu)N in liquid state
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Fig. 2-2-4 Densities of UN, PuN and (Uo.sPuo.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 ao
are lattice parameter at storage time t and t=0, A and B are constants for fitting, and A is

an effective decay constant of the sample.

at = ao + ao A [1-exp(-BAt)] (2-2-9)

Speculated values of ao, A, B and A 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 ao, A, B and A in Eq. (2-2-9) for PuN, AmN, CmN, (Pu,Am,Cm)N
and (Np,Pu,Am,Cm)N

Compound ao (nm) A B A (1/s) Ref.
PuN 0.49054 2.54x103 | 2.13x104 | 2.39x1012 | [18]
AmN 0.4991 5.25x103 1.96x104 | 5.10x1011 | [19]
CmN 0.50261 | 4.31x103 | 1.76x104 | 9.43x10°10 | [20]
(Puo.450Amo.336Cmo.2149)N 0.4956 | 4.2x103 | 1.8x104 | 2.33x1070 | [20]
(Npo.279Pu0.307Amo.279Cmo.135)N | 0.4943 4.1x103 1.7x104 | 1.47x1010 | [20]

Lattice expansion by self-irradiation damage
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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 (Puo.450Amo.336Cmo.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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C,(Jmol'K™) = 51.14(

(298 < T(K) < 2628) (2-3-1)
The following heat capacity equation for PuN is given by Oetting [22].

Cp (Jmol'1K'1) = 1.542x102 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 K1) = 1.872x102 T + 42.75 (334 < T(K) < 1067) (2-3-3)
The heat capacity of AmN is expressed by the following equation.
Cp Jmol K1) = 1.563x102 T + 42.44 (354 < T(K) < 1071) (2-3-5)

The following heat capacity equation for (Uo.sPuo.2)N is given by Alexander, et al. [24].

Cp (Jmol1K'1) = 1.09x102 T + 45.4 (293 < T(K) < 2073) (2-3-6)
120 - .
- —me : UN (Hayes et al.) s
2ol - NpN (Nishi et al.) e
g ---- : PuN (Oetting) /,/'
- —: AmN (Nishi et al.) P
2 80t o .
3 Pt
§-1 ’./
s 60 .
[}
T
40 - -
500 1000 1500 2000 2500
Temperature (K)

Fig. 2-3-1 Heat capacities of UN, NpN, PuN and AmN

,11,



JAEA-Data/Code 2014-001

The uncertainty of heat capacities shown in Fig. 2-3-1 is evaluated to be less than + 10 %.

An attempt to evaluate Cp (Jmol K1) for UN and (Uo.sPuo.2)N at liquid state was also

made [1]. The evaluated Cp (Jmol1K'1) are 75.8 for UN and 77.2 for (Uo.sPuo2)N at 4000 K,
while 88.7 for UN and 90.9 for (Uo.sPuo.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'K') =aT+b-cT?2 (2-3-7)

The coefficients a, b and ¢ in Eq. (2-3-7) for (Zro.61Puo.39)N [25], (Zro.5sPuo.21Amo.21)N and
(Zro.soPuo.10Amo.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 ¢ in Eq. (2-3-7) for (Zro.61Puo.39)N, (Zro.5s8Pu0.21Amo.21)N
and (Zro.s0Puo.10Amo.10)N

(Zro.61Puo.39)N (Zro.58Puo.21Amo.21)N (Zro.80Puo.10Amo.10)N
298<T(K)<1100 298<T(K)<1082 298<T(K)<1067
8.8807x103 7.6556x104 1.2836x103
8.8807 56.322 42.542
c - 1.5865%106 6.6356x105

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

database [27].
Cp (Jmol 1K'1) = 45.86 + 6.82x103 T — 5.54x105 T2 (2-3-8)
The heat capacity of (Zri-x-y-NpxPuyAm,)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 (Jmol1K1) = 45.86 + 6.82x103 T - 5.54x105 T2 - x (3.11 - 1.19x102 T - 5.54x105 T-2)
-y (0.86 -8.60x103 T - 5.54x105 T2) - z (3.42 — 8.81x103 T - 5.54x105 T'2) (2-3-9)

The maximum uncertainty of the heat capacity of (Zrixy-NpxPuyAm,)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 (Zro.s1Puo.39)N, (Zro.ssPuo.21Amo.21)N and (Zro.soPuo.10Amo.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 (Wm1K1) = Krp (1-P)X (2-4-1)

where Krp 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.

,13,
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The measured thermal conductivities of UN, NpN, PuN and AmN, K (Wm1K1),
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.

KWmK1)=A+BT+CT2+DT3 (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
-17.75 7.89 8.18 8.99
8.81x102 1.27x102 5.22x103 1.47x103
-6.16x105 | -4.32x106 | -9.44x107 | -2.54x108
1.45x108

Ola|lw| »

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 %.

Thermal conductivity of UN, NpN, PuN and AmN
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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 (UixPugdN (x = 0, 0.2, 0.35, 0.6, 0.8, 1), K (WmK'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-xPuxN 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

0 0.2 0.35 0.6 0.8 1
-17.775 6.65 4.40 4.33 3.98 8.18
8.81x102 | 1.72x102 | 1.57x102 | 1.29x102 | 1.15x102 | 5.22x103
*6.16x10% | -4.68x106 | -4.03x10°6 | -3.46x106 | -2.90x10°¢ | -9.44x107
1.45x 1078

O|lQ|w|» |~

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.

Thermal conductivity of (UI_AF'uA)N {x=0, 0.2, 0.35, 0.6, 0.8, 1.0)
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Fig. 2-4-2 Thermal conductivity of (U,Pu)N

_15_



JAEA-Data/Code 2014-001

On the other hand, the thermal conductivity of (Ui-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(Wm1K1)=E+Fx+G x2, (2-4-3)

E=-13.23+0.07706 T - 0.00005291 T2 + 0.00000001234 T3
F=64.58-0.2235T - 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.

30 T - T - T - T
25
20
T

10F

Thermal Conductivity (Wm'lK'l)

800 1000 1200 1400 1600
Temperature (K)
Fig. 2-4-3 Predicted thermal conductivity of (UixPuxN

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

The (Zr,PuN [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%Hs2 gas flow. The

resultant powder was pressed into disks and sintered in a stream of N2 or N2+4%H:2 at

,16,
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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 (Zro.61Puoso)N,  (Zroe1Puose)(N,0) [25],
(Zro.58Puo.21Amo.21)N and (Zro.soPuo.10Amo.10)N [26], K (Wm1K'1), corrected for porosity to
100%TD are fitted to the quadratic function ((Zr,Pu,Am)N) or cubic function ((Zr,Pu)N) of

thermal conductivities of

temperature T (K) using the least squares method. The coefficients A, B, C and D in Eq.
(2-4-2) for (Zr,PuN 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,PuN and (Zr,Pu,Am)N

(Zro.61Puo.39)N | (Zro.s1Puo.39)(N,0) | (ZrossPuo21Amos21)N | (Zro.soPuo.10Amo.10)N
298<T(K)<1100 | 298<T(K)<1100 473<T(K)<1473 473<T(K)<1473
A 6.958 5.633 0.716 2.73
B -1.285x102 -6.654x103 2.21x102 3.07x102
C 3.364 x10°5 2.399x105 -5.52x10°6 -5.34x10°6
D -1.298x108 -9.291x10°9

The thermal conductivity of (ZrxPua-o2Ama-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'1K1) =A + B exp(x/C) (2-4-4)

A=4.7624 +1.3937x102T - 1.4543x105 T2 + 5.6365x10° T3
B=-0.15962 - 4.2325x104 T + 9.1965x10°7 T2
C =-9.8103x103 + 2.3662x104 T - 3.2471x108 T2

where x 1s 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.
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Fig. 2-4-5 Predicted thermal conductivity of (ZrsPua-x2Ama-x2)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 (U1xNpoN (x = 0, 0.25, 0.5, 0.75, 1), K (WmK'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-xNp»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

0 0.25 0.5 0.75 1
-17.75 3.75 10.85 7.43 7.89
8.81x102 | 2.14x10%2 | 7.46x103 | 1.29x102 | 1.27x102
-6.16x10% | -5.69x10°6 | -4.03x107 | -3.56x10°¢ | -4.32x10°6
1.45%x108

OlaQ|wm|» |~

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.

Thermal conductivity of (LI1_ Np JN (x=0, 0,25, 0,5, 0,75, 1.0)
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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 (Np1xPux)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

0 0.33 0.67 1
7.89 7.22 10.19 8.18
1.27x102 | 6.91x103 | 1.36x103 | 5.22x103
-4.32x106 | -1.28x106 | 4.58x107 | -9.44x107

Q| |~

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.

Thermal conductivity of (Npl_AF'ua)N (x=0, 0.33, 0.67, 1.0)
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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-xAm)N and (PuixAmx)N were measured by Nishi et al.
from 473 to 1073 K [37]. The (Np1xAmxN and (PuixAmo)N solid solution samples were
prepared by the carbothermic reduction of the dioxide mixtures. Measured thermal
conductivities of (Np1xAmxN (x = 0.25, 0.50, 0.75) and (PuixAmoN (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-xAmoN and(Pui-xAmyoN decrease with increasing Am content. The coefficients A, B
and C in Eq. (2-4-2) for Np1-xAmx)N and(Pui-xAmx)N are summarized in Table 2-4-6.
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Fig. 2-4-8 Thermal conductivities of (Np1-xAmx)N and(Pui-xAmx)N

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

(Np1-xAmyoN (Pui-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 8.75x103 | 5.49x103 | 7.88x103 | 8.16x103 | -6.39x10°3
C -1.90x10°¢ | -6.07x107 | -1.47x106 | 6.29x106 | 5.82x106

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

Thermal conductivity of (Npo.zoPuo.50Amo.25Cmo.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 (Wm1K1), corrected for porosity to
100%TD is fitted to the following quadratic function of temperature T (K) using the least
squares method.

K (WmK1) = 6.34 + 2.67x103 T + 9.02x10°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 (Npo.2oPuo.50Amo.25Cmo.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 (Npo.2oPuo.50Amo.25Cmo.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, ar (nm), are listed in Table 2-5-1. On the other hand,
regression data on linear thermal expansion, LTE (%), defined by ((at-a293)/a293) x 100, and
averaged thermal expansion coefficients over 293-1273 K, aavi273, (cavr = (1/a203)
(ar-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 ar (nm) =ao+ a1 T +a2T2 + as T3

a0 a1x106 a2x1010 | asx1014 | ages (nm) | Max. Temp. (K)
UN 0.48790 3.264 6.889 - 0.48892 2523
NpN | 0.48848 3.483 6.274 -7.601 0.48956 1348
PuN | 0.48913 4.501 6.817 -4.939 0.49050 1478
AmN | 0.49786 4.110 9.936 -3.169 0.49915 1464
CmN | 0.50133 4.1361 5.9909 -6.3043 0.50261 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 otav.1273

b1x104 b2x107 b3x1012 | LTE1273 (%) | oaviz27s (10°6/K)
UN 7.505 1.407 - 0.87 8.88
NpN 7.827 1.142 -15.34 0.86 8.80
PuN 9.973 1.288 -9.445 1.09 11.1
AmN 9.387 1.928 -6.052 1.10 11.2
CmN 8.905 1.069 -11.95 0.96 9.84

2.5.2 Averaged thermal expansion coefficient of (Zri-w-xyzNpwPusAmyCmz)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 (Zri-wxy-NpwPuxAmyCm,)N over the
temperature range of 293-1273 K, aav.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 (Zri-2xPuxAmyN calculated from Eq. (2-5-1) is

shown in Fig. 2-5-1.

Qav.1273 = (1'W'X'y’Z) Olav ZrN T W Olav NpN t X Olav PuN + ¥ Olav AmN t Z Olav CmN
={7.57 1-w-x-yz) +8.80 w+ 11.1 x + 11.2 y + 9.80 z}x10°6
=7.57x106 + 1.23 wx106 + 3.53 xx106 + 3.63 yx106 + 2.23 zx106 (2-5-1)

Averaged thermal expansion coefficient
of (Zr,Pu,Am)N over 293-1273 K
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Fig. 2-5-1 Averaged thermal expansion coefficient of (Zri-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, Tx, of 53.1 K. At TN, observed small
peak of about 0.6 pQcm 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, p, of UN is divided into three components, contributions of magnetic spins pm,
phonons pph and temperature-independent impurities pi. 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].

p (UQcm) = 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 p from ~10 pQcm below 10 K to
~650 pQcm (~450 pQcm, if corrected for porosity) at room temperature [41]. A result for
PuN with high density indicates 450 pQcm at 773 K and 500 pQcm at 1173 K, being
corrected for porosity to 100%TD [42].

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

Recently p of (Puo.39Zro.61)N at room temperature was measured by Pukari, et al. using a
four point probe method [25]. The results suggest that p of (Puo.39Zro.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 PulN

Magnetic order T (K | po WB) | pp (uB) 0 (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, po, up, ® 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 Pxz (atm) [9].
Tw (K) = 3035.0 (Pn2)0-02832  (1x10°13 < Px2 < 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 + 5.57x10°18T5 (2773 < T(K) < 3123) (2-7-3)
log pnpn(atm) = 8.193 — 29540/T + 7.87x10-18T5 (2483 < T(K) < 3103) (2-7-4)
log prux(atm) = 8.193 — 29540/T + 11.28x1018T5 (2563 < T(K) < 3043) (2-7-5)

Table 2-7-1 shows the decomposition temperatures of UN, NpN and PulN under 1latm 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

. Decomposition temperature
Congruent melting temperature (K) ) Reference
under 1 atom of nitrogen (K)
UN 3123 (N2 pressure > 2.5 atm) 3050 [44]
NpN 3103 (N2 pressure > 10 atm) 2960 [45]
PuN | 3103+50 (N2 pressure > 50+20 atm) 2860 [46] [47]
AmN - ~2700 [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(e), PPule 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(Pa) = 10.65 — 25600/T (1753 < T(K) < 2028) (2-8-1)
log pnp@(Pa) = 10.26 — 22200/T (1690 < T(K) < 2030) (2-8-2)
log pru(Pa) = 11.74 — 22500/T (1558 < T(K) < 1738) (2-8-3)
log pam@(Pa) = 12.91 — 20200/T (1623 < T(K) < 1733) (2-8-4)

Vapor pressures of pu(g), pNpe and pru over UN(s), NpN(s) and PuN(s) were measured
by high-temperature mass spectrometry [48,49]. On the other hand, that of pam( over
AmN(s) was estimated from the Gibbs free energy of formation available in literature [51].

Vapor pressures of pru@ and pam 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 and pnp over UN(s) and
NpN (s) shown in the same figure represent the incongruent vaporization following UN(s) =
U0 + 0.5N2(g), U() = U(g) and NpN(s) = Np(D) + 0.5Na(g), Np(1) = Np(g), respectively.
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Yapor pressures of mono-atomic actinide gas over mononitrides
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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 and pru, over (Ui-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 puw and pru@ are

fitted to the following equations.

(Uo.80Puo.20)N :

log pu(Pa) = 10.90 — 26400/T (1793 < T(K) < 1913) (2-8-5)
log pru(Pa) = 9.86 — 20500/T (1653 < T(K) < 1933) (2-8-6)
(Uo.65Pu0.35)N :

log pu(Pa) = 11.03 — 26900/T (1813 < T(K) < 1833) (2-8-7)
log pru@(Pa) = 9.59 — 19600/T (1593 < T(K) < 1833) (2-8-8)
(Uo.40Puo.60)N :

log pru(Pa) = 11.14 — 22000/T (1553 < T(K) < 1773) (2-8-9)
(Uo.20Puo.s0)N :

log pru@(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-xPuyN from pru( 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
(Uo.soPuo20)N  0.802 1.003 0.195 0.975
(Uoe5Puoss)N  0.655 1.008 0.336 0.960
(Uo.40Puo60)N  0.460 1.149 0.499 0.832
(Uo.20Puoso)N  0.227 1.135 0.674 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, AtG, of UN is fitted to the following equation [9]. Matsui and Ohse also
reported AfG of UN [52] and the values in two studies agree well each other below 1800 K.

AfGun (J/mol) = -2.941x105 + 80.98 T — 0.04640 T2 + 3.085x106 T3 — 1.710x106 / T
(298 < T(K) < 2628) (2-9-1)

For NpN, A¢G is reported by Nakajima, et al., which is fitted to the following equation
[49].
AfGNpN (J/mol) = -2.959x105 + 89.88 T (1690 < T(K) < 2030) (2-9-2)

Matsui and Ohse summarized thermodynamic functions of PuN, in which AtG of PuN is

fitted to the following equation [52].

AtGpuN (J/mol) = -3.384x105 + 152.0 T — 0.03146 T2 — 5.998x106 T3 + 6.844x106 / T
(298 < T(K) < 3000) (2-9-3)

For AmN, Ogawa, et al. estimated A¢G 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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AtGamn (J/mol) =-2.977x105 + 92.05 T (298 < T(K) < 1600) (2-9-4)

The Gibbs free energies of formation of UN, NpN, PuN and AmN fitted to Eqgs. (2-9-1),
(2-9-2), (2-9-3) and (2-9-4) are shown in Fig. 2-9-1.

Gibbs free energies of formation of actinide mononitrides
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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, AtG, of (Uo.sPuo.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.

AtGw,poN (J/mol) = -2.909x105 + 67.56 T + 0.007980 T2 — 1.098x 106 T3 — 7.455x105/T
(298 < T(K) < 3000) (2-9-5)

The results reported by Kent and Leary [53] for AtG of (Uo.sPuo.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 (Uo.sPuo.2)N besides UN and PuN

_30_



JAEA-Data/Code 2014-001

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]

T(K) C, (Ymol~'K™") H—Hgg (Jmol~) S(Jmol 'K ") —(G—Hagg)/ T A/G (Jmol™")
(dmol 'K™")
298 47.95 0 62.68 62.68 270978
300 48,04 96 63.00 62.68 -270812
400 51.49 5089 77.34 64.62 262582
500 53.64 10352 89.08 68.37 -254530
600 55.27 15801 99.01 72.67 —246614
700 56.63 21397 107.63 77.06 -238788
800 57.84 27121 11527 81.37 =231011
900 58.98 32963 122,15 85.53 -223235
1000 60.06 38915 128.42 89.51 -215267
1100 61.12 44975 134,19 93.31 —-206948
1200 62.18 51140 139.56 96.94 —-198457
1300 63.28 57413 14457 100.41 -190019
1400 64.47 63799 149,28 103.71 -181626
1500 65.81 70312 153.74 106.87 172640
1600 67.38 76969 157.98 109.87 —-163550
1700 69.27 83798 162.01 112.72 -154384
1800 71.59 90837 165,87 115.41 -145111
1900 74.40 98 132 169.58 117.93 -135687
2000 77.81 105738 173.14 120.28 —-126062
2100 81.86 113716 176.58 122.43 -116178
2200 86.62 122133 179.90 124.39 —-105969
2300 92,11 131063 183.12 126.14 -95367
2400 98.35 140580 186.24 127.67 —-84302
2500 105.33 150757 185.28 128.98 —72701
2600 113.04 161669 192.23 130.05 -60489
2628 115.32 164 866 193,04 130.31 -56954

2.10.2 Standard thermodynamic functions of PulN
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 (UosPuo2)N are tabulated by Uno, et al. [15]
as shown in Table 2-10-3, using the results reviewed by Matsui and Ohse [52].

_31_



JAEA-Data/Code 2014-001

Table 2-10-2 Standard thermodynamic functions of PuN [15]

T(K) G (Jmol T K™) H—Hzgg (Jmol ™) S(Jmol 'K™") —(G—Hz2gg)/ T AG (Jmol™)
Wmol-'K~")
298 49,60 0 64.81 64.81 -273 247
300 49.63 92 65.12 64.81 -273073
400 51.17 5132 79.61 66.78 —264 338
500 52.71 10326 91.19 70.54 —254 777
600 54.26 15674 100.94 74.81 —245152
700 55.80 21177 109.42 79.16 —235 469
800 57.34 26834 116.97 83.43 —225714
200 58.88 32645 123.81 B87.54 -215918
1000 60.42 38610 130.09 91.48 -205913
1100 61.97 44729 135.92 95.26 -195 883
1200 63.51 51003 141.38 98.88 —185888
1300 65.05 57 430 146.53 102.35 -175923
1400 66.59 64012 151.40 105.68 —166005
1500 68.13 70749 156.05 108.88 -156135
1600 69.68 77639 160.50 111.97 —-146323
1700 71.22 84 685 164.76 114.95 -136571
1800 72.76 91884 168.88 117.83 -126892
1900 74.30 99237 172.85 120.63 -117270
2000 75.84 106 744 176.70 123.33 -107730
2100 77.38 114405 180.44 125.96 -98274
2200 78.93 122221 184.08 128.52 —-B88895
2300 80.47 130191 187.62 131.02 —79594
2400 82.01 138314 191.08 133.45 -70388
2500 83.55 146 593 194.46 135.82 -61269
3000 91.26 190296 210.37 146.94 -17

Table 2-10-3 Standard thermodynamic functions of (Uo.gPuo.2)N [15]

T(K) Co(Umol'K™") H—Hzg8 (Jmol ") S(mol 'K™") —(G—Hagg)/ T AG (Jmol™)
(Jmol'K~")
208 48.18 0 67.07 67.07 -272623
300 48.26 96 67.39 67.07 —272463
400 51.46 5172 83.85 70.92 -264 527
500 5357 10354 93.47 72.77 —256 576
600 55.24 15796 103.39 77.07 -248723
700 56.71 21395 112.02 81.45 —-240926
800 58.07 27134 119.68 85.76 -233156
900 50.37 33007 126.60 89.92 -225395
1000 60.63 39007 132.92 93.91 217422
1100 61.87 45184 138.91 97.83 ~209 381
1200 63.12 51433 144.35 101.49 -201030
1300 64.35 57 806 149.45 104.98 -192746
1400 65.57 64302 154.26 108.33 -184 520
1500 66.79 70921 158.83 111.55 175853
1600 68.01 77 661 163,18 114.64 ~-167 164
1700 69.22 84522 167.34 117.62 -158499
1800 70.43 91505 171.33 120.49 -149 859
1900 71.64 98608 175.17 12327 141237
2000 72.85 105832 178.87 125.96 132654
2100 74.05 113177 182.45 128.56 -124114
2200 75.26 120643 185.93 131.09 -115614
2300 76.46 128228 189.30 133.55 -107 156
2400 77.66 135935 192.58 135.94 -98723
2500 78.87 143761 195.77 138.27 —90365
3000 84.87 184696 210.68 149.12 45975
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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,PwN and (U,Pw)(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,PuN and
(U,Pw(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 | Ref.
Young’s, E shear, G | bulk, K | ratio, v

UN 262 (1-2.27 P) 103.7 184.2 0.263 [54]
UN 267 (1-2.7 P) 103.9 205.9 0.284 [55]
UN 265 104.2 191.5 0.272 [56]
UCo.5No.s 245.7 98.0 165.8 0.253 [57]
(Uo.85Puo0.15)N 280 (1-2.7 P) 110 205 0.27 [57,58]
(Uo.85Pu0.15)Co.85No.15 | 188.8 74.72 134 0.2652 | [57,59]

2 For a specimen with 91.3%TD
On the other hand, Hayes, et al. summarized the experimental data of E, G, K and v of
UN and suggested the following fitting equations as a function of temperature T (K) and
density D (%TD) [7].
E(MPa) = 2.58x10°1 D3.002 (1-2.375x105T) (298<T(K)<1473, 70<D(%TD)<100) (2-11-1)
G(MPa) = 1.44x102 D3:446 (1-2.375x103T)  (298<T(K)<1473, 70<D(%TD)<100) (2-11-2)
K(MPa) = 1.33x103 D4074 (1-2.375x105T) (298<T(K)<1473, 70<D(%TD)<100) (2-11-3)
v =1.26x103 D117 (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 - 0.92x104T) (1 - 2.7 P) (2-11-5)
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G(GPa) =110 (1.0274 - 0.92x104T) (1 — 2.62 P) (2-11-6)

2.11.2 Hardness of UN, PuN, (U,PuwN, U(C,N) and (U,Puw)(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 (Uo.7Puo.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,PuwN, U(C,N) and (U,Pu)(C,N) at room

temperature

Material H (GPa) Load (N) Ref.
UN 4.6 15.1 [61]
(Uo.7Puo.s)N 5.1 98.1 [62]
(Uo.sPuo.2)N 6.6 0.49-1.96 | [63]
PuN 3.3, 4.7 1.96 [64], [65]
U(C1-xNy) 6.5 (x=1) ~ 9 (x=0.5) | 0.49 [1]
(Uo.8Pu0.2)(C1-xNy) | 5.5 (x=1) ~ 11 (x=0) 0.49 [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/mm?) = 951.8 (1-2.1 P) exp(-1.882x103T)  (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, ¢é=de/dt, in which € is the measured
length change of specimen, is a function of the applied stress o, 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.

¢ = A on exp(-AH/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 AH(kJ/mol)=326.8 for UN and the following porosity

correction factor [7].
f (P) =1{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].

¢ (s'1) = exp(25P) [6.46x10°6 06 exp(-37750/T) + 5.33x10-32 oF’] (2-11-10)

where P is the porosity and F’ is the fission rate (fissions/m3/s).
Besides, the creep data of UN, (UNd)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].
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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, ér(s'), is calculated from
the following equation as a function of temperature T(K), gap pressure o(MPa) and porosity

P, which is suggested by Hayes, et al. [7].
ér = 2.054x103 045 exp(-39369.5/T) x 10.987 exp(-8.65P) / (1-P)276;  (2-11-11)

The solid line in Fig. 2-11-2 shows the calculated thermal creep rate of UN, assuming 0=20
MPa and P=0.15

On the other hand, the irradiation creep rate of UN, &i(s1), is calculated from the
following equation as a function of gap pressure o(MPa), porosity P and fission rate density

f(fissions/cm3/s), which is suggested by Billone, et al. [67].
ér=1.81x1026 (1 + 1250 P2) f o (2-11-12)

The dashed line in Fig. 2-11-2 shows the calculated irradiation creep rate of UN, assuming

0=20 MPa, P=0.15 and f=1013 fissions/cm3/s.

Thermal and irradiation creep rates of UN
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Fig. 2-11-2 Thermal and irradiation creep rates of UN
at P=0.15, 0=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],

D in UN (cm?/s) = 2.252x10°5 PN0.4134 g 0.737+2.179"10-4 T oxp(-19214.7/T)  (2-12-1)

where T is temperature in K, Px is nitrogen pressure in atm and g is grain size in pum.

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 “a-energy
degradation method”, in which a-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) (Uo.s1Pu0.19)N1.01C0.0100.09
and (b) (Uo.81Pu0.19)N0.98C0.0100.04 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) Dpuin (U,pwN (cm2/s) = 0.019 exp(-107600/RT) (2-12-2)
(b) Dpuin w,pwN (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 Dpuin (UpwN at three different temperatures are also reported [1]. At 1923K, a relation
Dpru in @WpwN o« p(N2)¥n with n=4.2, whereas at 1993 and 2083K, n=6.8 and n=200,
respectively. Dpuin (U,PwN 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].

Duin un (cm?/s) = 2.215x10°11 Px0-6414 exp(-7989.3/T) (2-12-4)

where T is temperature in K and Px 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 (cm?/s) is proposed as the following equation

with an additional burnup factor Fg by Weinstein, et al. [68].

D = Fp 8.22x1031 f + 2.37x10730 exp(-18800/T) + 1018 f exp(-18400/T)/K2T2  (2-12-5)

where f is the fission rate density (fissions/cm?/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 Fs takes into account the effect of fission product accumulation which is

more pronounced on the low temperature components of the diffusion coefficient.

Fs =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,Puw)N in their modeling study [60], which is derived from the Xe diffusion
data by Blank [12].

DxXe, nitride (m2/s) = 1.143x10°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 TDo-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%.

Fissiongas release rate of UN at 1473 K
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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%AV/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].

AV/IV (%) = 4.7x10°11 T,y3.12 B0.83 TDO.5 (2-14-1)

Eq. (2-14-1) can be written in terms of maximum fuel temperature Tm as following.
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AV/V (%) = 1.16x10°8 Tin2-36 B0.82 TDO.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+ Ci1{1-exp(-Cz B)} (2-14-3)
C1=10+ 24/ [1 + expi(1400-T)/74}]
C2=0.06 + 8.25x103 exp{(-2.027x104)/T}
T= (1 — tTmax/t) Twm + (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 trmax 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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