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Abstract

The thermodynamic modelling of the carbon—uranium (C-U) and boron-uranium (B-U) binary systems is being
performed in the framework of the development of a thermodynamic database for nuclear materials, for increasing the
basic knowledge of key phenomena which may occur in the event of a severe accident in a nuclear power plant. Ap-
plications are foreseen in the nuclear safety field to the physico-chemical interaction modelling, on the one hand the in-
vessel core degradation producing the corium (fuel, zircaloy, steel, control rods) and on the other hand the ex-vessel
molten corium—concrete interaction (MCCI). The key O-U-Zr ternary system, previously modelled, allows us to de-
scribe the first interaction of the fuel with zircaloy cladding. Then, the three binary systems Fe-U, Cr-U and Ni-U were
modelled as a preliminary work for modelling the O—U-Zr—Fe—Cr—Ni multicomponent system, allowing us to intro-
duce the steel components in the corium. In the existing database (TDBCR, thermodynamic data base for corium), Ag
and In were introduced for modelling AIC (silver—indium—cadmium) control rods which are used in French pressurized
water reactors (PWR). Elsewhere, B4C is also used for control rods. That is why it was agreed to extend in the next
years the database with two new components, B and C. Such a work needs the thermodynamic modelling of all the
binary and pseudo-binary sub-systems resulting from the combination of B, B,O; and C with the major components of
TDBCR, O-U-Zr-Fe-Cr-Ni-Ag-In-Ba-La-Ru-Sr-Al-Ca-Mg-Si + Ar—H. The critical assessment of the very nu-
merous experimental information available for the C-U and B-U binary systems was performed by using a classical
optimization procedure and the Scientific Group Thermodata Europe (SGTE). New optimized Gibbs energy param-
eters are given, and comparisons between calculated and experimental equilibrium phase diagrams or thermodynamic
properties are presented. The self-consistency obtained is quite satisfactory. © 2001 Elsevier Science B.V. All rights
reserved.

1. Introduction accident. If the corium goes through the vessel and

slumps into the concrete reactor cavity, the phenomenon

Since 1989, THERMODATA and IPSN (Institut de
Protection et de Sureté Nucléaire, CEA France) have
been working at the development of a thermodynamic
database for corium and concrete materials (TDBCR) in
the framework of the nuclear reactor safety.

Corium is a partially molten complex mixture, re-
sulting from the degradation of the core and its ther-
mochemical interaction with the other materials present
in a nuclear reactor in the unlikely event of a severe

* Corresponding author.

is called molten corium—concrete interaction (MCCI).

The selected major components of TDBCR, [O-U-
Zr-Fe-Cr-Ni-Ag-In-Ba-La-Ru-Sr—Al-Ca-Mg-Si] +
[Ar-H] were deduced from the inventory of the
materials present in a pressurized water reactor (PWR):
fuel (UQ,), zircaloy (Zr), steel structures (Fe, Cr, Ni),
control rods AIC (Ag, In, Cd), selected fission products
(Ba, La, Ru, Sr), concrete (Al,O3, CaO, FeO, Fe,0s,
M¢gO, Si0O,), water (H,O) and air.

The thermodynamic modelling of such a complex
multicomponent system is based on the critical assess-
ment of the most important binary and higher-order
sub-systems (metallic, oxide, metal-oxide/oxygen) from
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all the available experimental information (phase dia-
gram and thermodynamics).

The global thermodynamic approach of the MCCI
and selected applications in the nuclear field was previ-
ously presented in a general view by Chevalier et al. [1].

The thermodynamic modelling of the key ternary
metal-oxygen O-U-Zr system, including the O-U,
O-Zr, U-Zr and UO,-ZrO, sub-systems, was first un-
dertaken by Chevalier and Fischer [2] and recently re-
viewed by Chevalier et al. [3]. It allows us to study the
first core degradation, i.e. the interaction of the fuel rods
with the metallic zircaloy at high temperature.

Then, the critical assessment of the three binary
systems Fe-U, Cr-U and Ni—U by using an appropriate
optimization procedure was presented by Chevalier and
Fischer [4] as a preliminary work for the thermodynamic
modelling of the multicomponent system O-U-Zr-Fe—
Cr-Ni. This second step was needed to introduce
chrome and nickel steel in the corium.

In the actual database, Ag and In were introduced
for modelling AIC (Ag, In, Cd) control rods which are
used in French PWR. However, B,C is also commonly
used. For this reason, the extension of the nuclear
thermodynamic database with two new components, B
and C, will be undertaken in the next three years. Such a
work needs the thermodynamic modelling of all the
binary and pseudo-binary sub-systems resulting from
the combination of B, B,O; and C with the other major
components of TDBCR.

The critical assessment of the very numerous exper-
imental information available for the carbon—uranium
(C-U) and boron—uranium (B-U) binary systems was
here performed by using a classical optimization pro-
cedure and the ‘Scientific Group Thermodata Europe’
(SGTE) standards (models and lattice-stabilities of pure
elements) [5,6].

The coefficients of the Gibbs energy versus temper-
ature for stoichiometric substances, and of the excess
Gibbs energy versus temperature and composition for
solutions, were optimized by using the optimization
programme developed by Lukas et al. [7], which allows
us to take into account simultaneously all the available
experimental information.

In this work, we present for each binary system, C-U
and B-U, the existing equilibrium phases, the analysis of
the compiled experimental data, concerning both phase
diagram and thermodynamic properties, and the opti-
mization results: on the one hand, optimized Gibbs en-
ergy parameters of all condensed substance and solution
phases are given; on the other hand, phase diagrams and
specific thermodynamic properties are calculated and
compared to the experimental ones.

Practical applications of the extended nuclear ther-
modynamic database (NTD) are expected both for
in-vessel and ex-vessel phenomena, for example calcu-
lations of corium properties (phase diagram — liquidus,

solidus, . .., viscosity, ...), fission products release in the
atmosphere, and finally coupling the global thermody-
namic approach with more general thermohydraulics
nuclear safety codes.

2. The C-U system
2.1. Short presentation of the different phases

The phase diagram of the C-U binary system was
successively reported in a compilation work by Hansen
and Anderko [8], Elliott [9], Shunk [10], Hultgren et al.
[11] (similar to the one compiled by Storms [12] and
Massalski [13]). Another entire phase diagram was re-
ported in the experimental work of Benz et al. [14]. The
C-U phase diagrams taken from Storms [12] and Benz
et al. [14] are presented in Figs. 1 and 2, respectively.

The condensed solutions and stoichiometric sub-
stances, with the symbols currently used in this work,
are as follows: liquid phase, L; (UC, UC,), intermediate
solid solution, fcc_B1 or 9, isotypic with NaCl; separates
below 2373 K in: (UC), UC-rich solid solution and
(UG,) or B-UC,, UC,-rich solid solution, high-temper-
ature form; U,C; or g, bec (D5c) structure, isotypic
with Pu,C;, C3U,(S); (UC,) or a-UC,-rich solid solu-
tion, low-temperature form, body-centred tetragonal
(Clla) structure isotypic with CaC,; pure uranium:
Uj(ort_A20) or o-U; U(tet) or B-U; U;(bcc_A2) or
v-U; pure carbon: C;(gra_hex_A9) or C. No mutual
solubility of carbon in uranium and uranium in carbon
was reported.

The (UC, UGC,) solid solution (fcc_B1) presents two
maximum melting points and a minimal melting point at
high temperatures. At lower temperature, there is a
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Fig 1. Phase diagram of the U-C system taken from Storms
[12].
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Fig. 2. Phase diagram of the U-C system taken from Benz

miscibility gap in the solid state between a (UC)-rich
solid solution and a (UC;)-rich solid solution.

The structures of the intermetallic compounds are
given by Hansen and Anderko [8], Elliott [9] and Shunk
[10] and reported in Table 1.

2.2. Experimental information

In the following, 7T is the temperature in Kelvin
(Celsius are quoted between brackets), x(U) or x is the
uranium atomic fraction in one phase, xS is the global
uranium atomic fraction, L is the liquidus or the liquid
and S is the solidus. In all tables, values between
brackets are not experimental but estimated for the
optimization.

2.2.1. Phase diagram

The following invariant reactions and transitions
have been reported in the different compilations or ex-
perimental works and are summarized in Table 2.

et al. [14]. Mallet et al. [30] investigated the entire system by
using conventional experimental techniques (melting
point, X-ray and metallographic data) and drew a con-
stitutional phase diagram. Three uranium carbides, UC,
Table 1
Crystal characteristics of the stoichiometric compounds in the C-U system
Compound Structure Lattice parameter Reference
ucC fcc_B1 type, isotypic with NaCl a=4961 A [15]
a=4965A [16]
a=4.9591 £ 0.0002 A [18]
a = 4.9598 + 0.0003 A [19]
a=4.9563 +0.0007 A [25]
(48 alo C)
a=4.956 A* [26]
a = 4.9577 +0.0007 A* [27]
*(alloy sintered at 1673 K) [25]
a=4.9597 +0.0004 A [28]
(stoichiometric UC)
uG, fcc_B1 type, isotypic with CaF, a=541 A [21]
a=545A [22]
a=545+001 A [23]
a=5475A [24]
n-UGC, be tetragonal, 2 molecules per unit cell, a=3524 A, c=5999 A [15]
isotypic with CaC, (Clla)
a=3.517+0.002 A, [20]
¢ =5.987+0.002 A [19]
a=3.509 4 0.003 A,
¢ = 5.980 +0.005 A
vary from a = 3.5190 & 0.0011 A, [29]
¢ =5.9787£0.0017 A (U-rich)
to a = 3.5241 £ 0.0005 A,
¢ =5.9962 £ 0.0008 A (C-rich)
U,GCs bee, 8 molecules per unit cell a=18.088 A [17]

a = 8.089 +0.0004 A [29]
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Table 2
Experimental and calculated three-phase equilibria and congruent transformations in the C-U system
Reaction Experimental Reference  Calculated
T (K) t (°C) x T (K) t (°C) X
L < (UC) 2833 2560 0.476 [10]
2798 2525 0.486 [11,12]
2763 2490 0.497 [14] 2788 2515 0.500
LL < (UG,) 2803 2530 0.370 [10]
2753 2480 0.360 [11,12]
2713 2440 0.339 [14] 2707 2435 0.345
L < (UC,UGC,) 2623 2350 0.425 9]
2673 2400 0.390 [11,12]
2723 2450 0.425 [10] 2676 2403 0.400
2653 2380 0.385 [14]
L < y-U + (UC) 1406 1133 [8]
1389.75 1116.6 [11,12]
1390 1117 [14]
1390 1117 0.9902- [9,10] 1390 1117 0.990%
0.98827Y
L= y-U 1408 1135 [6] 1408 1135
v-U < B-U 1049 776 [6] 1049 776
B-U <= a-U 942 669 [6] 942 669
v-U < B-U + (UC) 1043 770 [8]
1044.95 771.8 [12]
1045 772 0.99917Y [9,10]
1045 772 [14]
1048 775 [11] 1049 776
B-U <= o-U + (UC) 938 665 [8]
939 666 [9,10]
939 666 [14] 942 669
L = (UG)+C 2723 2450 0.34%Y [10]
2723 2450 [11,12]
2703 2430 0.338%V [14] 2699 2426 0.3447Y
0.331¢ 0.330%
(UG,y) <= (UC) +0-UGC, 2073 1780 [9] Not calculated
(UC) + (UG,) <= o-UC, 2053 1780 [11,12] Not calculated
(UC) 4+ (UG,) <= &-U,C;4 2153 1880 [10]
2093 1820 0.3779¢ [14] 2106 1833 0.387V¢
0.476V¢ 0.474V¢
(UG,) 4+ C = o-UC, 2093 1820 [9,10] Not calculated
(UG) <= a-UC, + C 2038 1765 [11,12] 2036 1763 0.344Y¢:
[14] 0.344%VC
(UG) <= &-U,Cs + a-UGC, 2073 1800 [10] Not calculated
(UC) 4+ a-UC; <= ¢-U,C4 2048 1775 [8,9] Not calculated
2000 1727 [11,12]
(UG,) + &-U,C; <= 0-UC, 2048 1775 0.360Y¢ [14] 2030 1757 0.357Y¢
0.361%V¢ 0.356%V¢
a-UC, <= &-U,C; +C 1773 1500 [10,14] 1751 1478
1787 1514 [11,12]
(UC,UG) < (UC) + (UC,) 2323 2050 0.425 [10,14] 2323 2050 0.438

2380 2107 0.445 [11,12]
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U,C; and UGC,, were identified. UC and UC, are com-
pletely miscible at elevated temperature, forming a solid
solution, and separate on cooling below 2323 K
(2050°C). The reaction 5(UC) + a-UC, < &-U,C; was
located at about 2048 K (1775°C). The experimental
results were reported by Hansen and Anderko [8]. The
experimental liquidus and solidus points are reported
from the original numerical values in Table 3, as the
one-phase and two-phase (UC, UC,) solid solution
domains.

Blumenthal [31] studied the U-rich domain of the
phase diagram by using saturation experiments, thermal
analysis and metallography. The following invariant
reactions were determined: the eutectic reaction
L <= y-U+5 T=1389.75 K (1116.6°C), x'(U) =
0.9902, xY(U) = 0.9963 — 0.9978g; the two eutectoid
reactions y-U <= B-U +5: T =1044.95 K (771.8°C),

xY(U) =0.9987-0.9995 and B-U<= o-U+8: T=
939.05 K (665.9°C). The uranium content in y-U
increased from x =0.9970 £0.00075 at 1389.75 K
(1116.6°C) to x=0.9991£0.0004 at 104495 K
(771.8°C). The solubility of carbon was less than 10 ppm
by weight in B-U and less than 3 ppm in o-U. These
values have been reported by Elliott [9], Shunk [10],
Hultgren et al. [11], Storms [12] and Benz et al. [14]. The
experimental liquidus of Blumenthal [31] and the re-
ported results of Carter [32] and Snow [33], taken from a
figure in the original paper, are quoted in Table 4. The
experimental liquidus points of Snow [33] were not in
good agreement with those of Carter [32] and Blumen-
thal [31].

The melting point of (UC) was determined as 2663 K
(2390°C) by Mallet et al. [30], 2863 + 50 K (2590°C) by
Chiotti [34] (values reported by Hansen and Anderko

Table 3

Liquidus, solidus and one-phase and two-phase (UC, UC,) solid solution domains from Mallet et al. [30]
T (K) t (°C) x1(U) x#2(U) Equilibrium
1873 1600 0.91276 (0.510) L(¢1) + 8-UC(¢2)
2273 2000 0.74023 (0.521) -
2473 2200 0.65402 (0.522) -
2573 2300 0.60188 (0.521) -
2663 2390 0.49586 (0.517) -
2668 2395 0.49264 (0.517) -
2723 2450 0.43675 (0.447) L(¢1) 4+ 8-(UC,UGC,)(¢2)
2728 2455 0.41660 (0.427) -
2733 2460 0.39408 (0.384) -
2758 2485 0.38023 (0.370) -
2758 2485 0.36283 (0.353) -
2753 2480 0.33784 (0.345) L(¢1) + 8-(UC,)(¢2)
2773 2500 0.32287 (0.345) L(¢l) + C(¢2)
2873 2600 0.28991 ) -
2953 2680 0.28991 0) -
2973 2700 0.27010 0) -
75 (K) 5 (°C) x1(U) x#2(U) Equilibrium
2653 2380 0.43675 (0.427) 3-(UC,UGC,)(¢1) + L(¢2)
2683 2410 0.41660 (0.407) -
2683 2410 0.39408 (0.404) -
2663 2390 0.38023 (0.390) -
2668 2415 0.36283 (0.373) -
T (K) t (°C) x4(U) Equilibrium
2073 1800 0.41660 3(UC) +8(UGC,)
2173 1900 0.41660 3(UC) 4+ 8(UGC,)
2273 2000 0.41660 3(UC) 4+ 8(UGC,)
2373 2100 0.41660 3(UC,UGC,)
2073 1800 0.46921 3(UC) +8(UGC,)
2173 1900 0.46921 3(UC) 4+ 8(UGC,)
2273 2000 0.46921 3(UC) +8(UGC,)
2373 2100 0.46921 3(UC,UGC,)
2073 1800 0.49478 3(UC) +8(UGC,)
2173 1900 0.49478 3(UC,UGC,)
2273 2000 0.49478 3(UC,UGC,)
2373 2100 0.49478 3(UC,UGC,)
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Table 4
U-C phase diagram at low-carbon content from Blumenthal [31], Carter [32] and Snow [33]
Tt (K) - (°C) x1(U) x#2(U) Equilibrium Reference
1623 1350 0.9753 (0.504) L(¢1) + 8-UC(¢2) [31]
1573 1300 0.9800 (0.503) - -
1523 1250 0.9833 (0.502) - -
1473 1200 0.9859 (0.502) - -
1389.76 1116.6 0.9902 (0.501) L+35-UC+y
1648 1375 0.9735 (0.504) L(¢1) + 8-UC(42) [32]
1673 1400 0.9670 (0.504) - -
1648 £ 50 1375 0.9806 (0.504) - [33]
1748 £+ 50 1475 0.9675 (0.506) - -
75 (K) £ (°C) x?1(U) x#2(U) Equilibrium Reference
1389.75 1116.6 0.99705 + 0.0008 (0.501) v(¢1)+UC [31]
1044.95 771.8 0.9991 £ 0.0004 (0.500) y+UC+B -
1044.95 771.8 0.9998 (0.500) B(¢1)+UC -
939.09 665.9 0.99994 (0.500) a(¢pl) + UC+B -

[8]), 2793 K (2520°C) by Brownlee [35], 2553 £ 50 K
(2280°C) by Newkirk and Bates [36] (values reported by
Elliott [9]), 2768 + 30 K (2495°C) by Witteman et al.
[37], 2833 £ 50 K (2560°C), x = 0.476 by Witteman and
Bowman [29], and 2683 K (2410°C) by White et al. [38]
(values reported by Shunk [10]). The values of Mallet
et al. [30], Newkirk and Bates [36] and White et al. [38]
are below the others. According to Witteman et al. [37],
UG, in contact with C melts at 2723 £+ 50 K (2450°C),
value reported by Storms [12], Shunk [10] and Hultgren
et al. [11].

Chubb and Phillips [39] studied the constitution of
the partial system UC-UC, by using diffusion couples,
metallography, optical pyrometry. The existence of a
miscibility gap between (UC), with the NaCl-type crystal
structure, and (UC,), high-temperature form, with the
CaF,-type structure was put in evidence at 2473 K
(2200°C), and supposed to be maintained up to an eu-
tectic reaction, L <= (UC) + (UC,), located at 2623 K
(2350°C). The immiscibility at high temperatures is in
real contradiction with all the other experimental in-
formation summarized in the most recent compilation
works [12,14]. An eutectoid reaction (B-UC,) <
(UC) + (0-UC,) was located just below 2073 K

(1800°C) (value reported by Elliott [9]). The transfor-
mation of cubic UG, to tetragonal UC, occurs at 2093 K
(1820°C) by a peritectoid-type reaction [9,10]. The
temperature of the decomposition reaction d(UC)+
a-UC, <= ¢&-U,C; was reported as about 1973 K
(1700°C) by Storms [12], 2048 K (1775°C) by Elliott [9],
below 2060 K by Hultgren et al. [11], and 2093 K
(1820°C) by Benz et al. [14].

The system UC-UC, was investigated at tempera-
tures up to 2473 K (2200°C) by Wilson [40] using
high-temperature X-ray diffraction technique. The
transformation a-UC,, which has the CaC, structure, to
B-UC,, with the CaF, structure, occurs at 2093 K
(1820°C). The decomposition of U,C; in §(UC) + B-UC,
occurs at 2113 +20 K (1840°C), a value near the one of
Benz et al. [14] (2093 K). Solubilities of UC in UC, and
UG, in UC were determined near 2073 K (1800°C).
Experimental results are reported in Table 5 from the
original figure.

According to Chang [21], a diffusionless phase
transformation between the high-temperature UC,
phase (CaF,) to a tetragonal structure (CaC,) takes
place at 2093 K (1820°C) to 2103 K (1830°C). We can
underline here that the CaF,-type structure of the

Table 5

UC-UC, phase diagram reported from Wilson [40]
T (K) t (°C) w (%C) x*1(U) x*1(U) Equilibrium
1969 1696 5 0.48947 0.4 3-UC(¢1) + U,Cs(¢2)
2058 1785 5.13 0.48271 0.4 -
2079 1806 5.20 0.47915 0.4 -
2093 1820 531 0.47364 0.4 8-UC(¢1) + U, Cs(92) + 5-UC,
1969 1696 8.96 0.33894 0.4 a-UCy(¢1) 4+ U,Cs(¢2)
2093 1820 8.65 0.34764 0.4 -
2132 1859 5.31 0.47364 (0.35) 8-UC(¢1) + 3-UCy(¢2)
2163 1890 5.54 0.46247 (0.36) -
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high-temperature form of (UC,), proposed by Chubb
and Phillips [39], Wilson [40] and Chang [21], is defini-
tively incompatible with a complete miscibility of the
solid solution (UC, UC,) at high temperature, this one
having a NaCl-type structure.

Guinet et al. [41] determined in the system U-UC,
the liquidus by the saturation method, the solidus by
equilibrating the liquid and the solid phases and the
eutectic temperature on the uranium side by differential
thermal analysis. Experimental results are reported in
Table 6 from the original figure.

Sears et al. [42] studied the high-temperature immis-
cibility of uranium mono and dicarbides by micro-
structure examinations. Specimens with compositions
from UC,; to UC,;3 were prepared by decomposing

mixtures containing uranium sesquicarbide at tempera-
tures from 2093 to 2403 K (1820-2130°C). The low-
carbon immiscibility boundary is nearly composition
invariant between 2093 K (1820°C) and 2343 K
(2070°C) and occurs between UC;; and UC;, (0.454 <
x < 0.476). The high-carbon immiscibility boundary oc-
curs at about UC 45 (x = 0.377) at 2093 K (1820° C) and
the solubility of the monocarbide in the dicarbide phase
increases linearly with increasing temperature. The peak of
the immiscible region occurs at about UC, 3 (x = 0.435)
and a temperature around 2373 K (2100°C). Experimental
results are reported in Table 7 from the original figure.
In the phase diagram presented by Storms [12] in its
compilation work (Fig. 1), the phase boundary between
B/a-UC, and C, in the temperature range 1873-2723 K

Table 6
Liquidus and solidus of the U-UC phase diagram from Guinet et al. [41]
T (K) ' (°C) x1(U) x(U) Equilibrium
U + UC Liquidus L(¢l) +8-UC(¢2)
1673 1400 0.94479 (0.504) -
1773 1500 0.91829 (0.505) -
1873 1600 0.89013 (0.511) -
1903 1630 0.86430 (0.511) -
1973 1700 0.85038 (0.514) -
1973 1700 0.84315 (0.514) -
2037 1764 0.81858 (0.516) -
2044 2771 0.82335 (0.517) -
2073 1800 0.80313 (0.517) -
2123 1850 0.78779 (0.520) -
2159 1886 0.77168 (0.519) -
2223 1950 0.76326 (0.522) -
2273 2000 0.74012 (0.524) -
2323 2050 0.72457 (0.522) -
2323 2050 0.71203 (0.522) -
2437 2164 0.66814 (0.524) -
2523 2250 0.63464 (0.524) -
2673 2400 0.57973 (0.522) -
2723 2450 0.56328 (0.518) -
75 (K) 5 (°C) x1(U) x#2(U) Equilibrium
U+ UC Solidus UC(¢1) + L(¢2)
1673 1400 0.50411 (0.945) -
1773 1500 0.50544 (0.918) -
1873 1600 0.51073 (0.890) -
2073 1800 0.51682 (0.803) -
2223 1950 0.52168 (0.763) -
2323 2050 0.52168 (0.725) -
2323 2050 0.52168 (0.712) -
2423 2150 0.52450 (0.668) -
2523 2250 0.52450 (0.635) -
2623 2350 0.52310 (0.604) -
2723 2450 0.51752 (0.563) -
T (K) t (°C) x*1(U) x#2(U) Equilibrium
1390.15+2 1117 0.98847 (0.500) L(¢1) + 8-UC(¢2) + y-U
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Table 7

High-temperature immiscibility of uranium mono and dicarbides from Sears et al. [42]
T (K) t (°C) xS (U) Equilibrium
2093 + 20 1820 0.47619 3(UC)
2093 1820 0.45455 3(UC) +8(UGC,)
2093 1820 0.38314 3(UC) +8(UC,)
2093 1820 0.36590 3(UGC,)
2093 1820 0.35714 3(UC,)
2173 1900 0.47619 3(UC)
2173 1900 0.45455 3(UC) +8(UC,)
2173 1900 0.40161 3(UC) +38(UGCy)
2173 1900 0.38314 3(UC,)
2273 2000 0.45455 3(UC) +§(UC,)
2273 2000 0.43478 3(UC) +8(UC,)
2273 2000 0.41667 3(UC) +38(UGCy)
2273 2000 0.40000 3(UC,)
2343 2070 0.45455 3(UC) +8(UGCy)
2343 2070 0.44307 3(UC) +8(UC,)
2343 2070 0.41667 3(UC,)
2403 2130 0.43478 3(UC,)
2403 2130 0.36900 3(UC,)
T (K) t (°C) x1(U) x#(U) Equilibrium
2093 1820 (0.383) (0.472) (UC) 4+ 3(UC,)
2173 1900 (0.390) (0.469) -
2273 2000 (0.408) (0.463) -
2343 2070 (0.424) (0.459) -

Table 8

8/a-UC, + C phase boundary from Storms [12]
t (°C) T (K) c/u?! x?1(U) x?2(U) Equilibrium
1873 1603 1.874 0.348 1 a-UC,(¢1) +C
1918 1645 1.842 0.352 - -
1958 1685 1.884 0.347 - -
1978 1705 1.879 0.347 - -
2018 1745 1.863 0.349 - —
2033 1760 1.874 0.348 - -
2073 1800 1.900 0.345 - 3-UCy(¢p1) +C
2088 1815 1.900 0.345 - -
2113 1840 1.905 0.344 - -
2173 1900 1.900 0.345 - -
2243 1970 1.910 0.344 - -
2303 2030 1.910 0.344 - -
2328 2055 1.916 0.343 - -
2413 2140 1.921 0.342 - -
2433 2160 1.932 0.341 - -
2553 2280 1.921 0.342 - -
2573 2300 1.923 0.342 - -
2633 2360 1.932 0.341 - -
2353 2380 1.937 0.340 - -

(1600-2450°C), is reported from an original paper of the
author. Experimental results are reported in Table 8
from the original figure.

The entire U-C phase diagram presented by Benz
et al. [14] (Fig. 2) gathers the literature results and own
investigations. The experimental results were obtained
by using conventional techniques (thermal, microscopic,

X-ray diffraction and chemical analyses). The three-
phase equilibria and congruent transformations are re-
ported in Table 2. Experimental results are reported in
Table 9 from original numerical and graphical results.
The accuracy of the melting temperatures was given as
40 K, while that of the U,C; decomposition and the
allotropic transformation of UC, was given as 25 K.
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Table 9

U-C phase diagram and some other values reported from Benz et al. [14]
T (K) t (°C) c/u?! x1(U) x#2(U) Equilibrium Reference
1473 1200 1 0.50000 0.4 3-UC(¢1) + U,Cs(¢2) [14]
1573 1300 1 0.50000 0.4 - -
1598 1325 1 0.50000 0.4 - -
1833 1560 1.01 0.49751 0.4 - -
1993 1720 1.03 +0.01 0.49261 + 0.002 0.4 - -
2025 1752 1.04 0.49020 0.4 - -
2043 1770 1.04 0.49020 0.4 - -
2078 1805 1.06 0.48544 0.4 - -
2059 1786 1.07 0.48309 0.4 - -
2077 1804 1.07 £ 0.02 0.48309 £ 0.005 0.4 - -
2091 1818 1.09 0.47847 0.4 - -
2093 1820 1.10 0.47619 0.4 3-UC(¢1) + U, C5(¢p2) + 8-UC,
1973 1700 1.21 0.45249 0.4 3-UC(¢1) + U,Cs(¢2) [48]
2073 1800 1.24 0.44643 0.4 - [49]
1773 1500 <1.08 <0.4808 0.4 - [50]
2093 1820 1.1to 1.2 0.46512 £ 0.01 0.4 - [51]
2093 1820 1.10 0.47619 (0.377) 3-UC(¢p1) + 8-UCy(¢2) + U,Cs -
2098 1825 1.10 £ 0.03 0.47619 £ 0.007 (0.377) 3-UC(¢1) + 8-UC,(¢2) -
2103 1830 1.10 0.47619 (0.377) - -
2113 1840 1.11 0.47393 (0.376) - [40]
1793 1520 1.88 +0.03 0.34722 0.4 N-UGC, (1) + U,Cs(¢2) [14]
1891 1618 1.85 0.35088 0.4 - -
1990 1717 1.82 0.35461 0.4 - -
2001 1728 1.80 0.35714 0.4 - -
2025 1752 1.79 0.35842 0.4 - -
2028 1755 1.78 0.35971 0.4 - -
2028 1755 1.78 0.35971 0.4 - -
2035 1762 1.78 0.35971 0.4 - -
2038 1765 1.78 0.35971 0.4 - -
2038 1765 1.78 0.35971 0.4 -
1940 1667 1.78 0.35971 0.4 - -
2044 1771 1.77 0.36101 0.4 - -
2045 1772 1.77 0.36101 0.4 - -
2048 1775 1.77 0.36101 0.4 N-UGC, (1) + U,Cs(¢2) + 8-UC, -
2048 1775 1.78 0.35971 0.4 N-UCy(¢1) + UyCs(¢2) + 3-UC, -
2051 1778 1.78 0.35971 0.4 3-UCy(¢1) + U, Cs(92) -
2051 1778 1.78 0.35971 0.4 - -
2053 1780 1.77 0.36101 0.4 - -
2054 1781 1.77 0.36101 0.4 - -
2055 1782 1.76 0.36232 0.4 - -
2062 1789 1.76 0.36232 0.4 - -
2065 1792 1.74 0.36496 0.4 - -
2077 1804 1.74 0.36496 0.4 - -
2091 1818 1.68 0.37313 0.4 - -
2098 1825 1.65 0.37736 0.476 3-UC,(¢1) 4+ 8-UC(¢2) -
2103 1830 1.65 0.37736 0.476 - -
1773 1500 1.905 0.34423 0 n-UCy(¢1) + Cy-gra(¢2) + U,Cs [14]
1793 1520 1.905 £+ 0.02 0.34423 0 N-UC,(41) + Cy-gra(¢2) -
1873 1600 1.905 0.34423 0 - -
1973 1700 1.905 0.34423 0 - -
2038 1765 1.905 0.34423 0 n-UCy(¢1) + Cy-gra(¢2) + 6-UC,  —
2073 1800 1.905 0.34423 0 3-UC,y(¢1) 4 Cy-gra(¢2) -
2273 2000 1.915 0.34305 0 - -
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Table 9 (Continued)

T (K) t (°C) c/u?! x1(U) x?(U) Equilibrium Reference
2703 2430 1.96 0.33784 0 5-UCy(§1) + C-gra(¢2) + L -
2703 2430 2.02 0.33113 0 L(¢1) + Cl-gra(¢2) + 5-UCs -
2073 1800 0.97 +£0.02 0.50761 (0.8) 3-UC(¢p1) +L -
2273 2000 0.97 +0.02 0.50761 (0.8) 3-UC(¢p1) +L -
Liquidus/Solidus

2743 2470 0.96 0.51020 (0.510) L/§-UC, UG, -
2763 2490 0.99 0.50251 (0.503) - -
2762 2489 1.00 0.50000 (0.500) - -
2755 2482 1.05 0.48780 (0.479) - -
2749 2476 1.10 0.47619 (0.476) - -
2738 2465 1.15 0.46512 (0.465) - -
2691 2418 1.25 0.44444 (0.444) - -
2668 2395 1.40 0.41666 (0.417) - -
2655 2380 1.45 0.40816 (0.408) - -
2655 2380 1.50 0.40000 (0.400) - -
2655 2380 1.60 0.38462 (0.385) - -
2655 2380 1.65 0.37736 (0.377) - -
2655 2380 1.70 0.37037 (0.370) - -
2668 2395 1.80 0.35714 (0.357) - -
2703 2430 1.90 0.34483 (0.345) - -
2713 2440 1.92 0.34247 (0.342) - -
2713 2440 1.95 0.33898 (0.339) - -

The phase boundaries of the miscibility gap in the
(UC, UG,) solid solution were determined by Teten-
baum and Hunt [43] from carbon activity measurements
as: T (K), x(UGC,), x(UC)=2155, >0.377, 0.488; 2255,
>0.377, 0.465; 2355, >0.385, 0.444.

The formation of U,C; by the reaction of UC, with
UO, was studied by chemical and X-ray analyses
at temperatures between 1673 and 1973 K by Tagawa
and Fujii [44]. The transformation of U,C; phase in
UC-UG, and UG, phases was characterized by Kurasawa
et al. [45].

The stability of the UC,-phase and its decomposition
reaction 2UC, <= U,C; + C was studied by Schneider
et al. [46], with emphasis on the presence of certain
moderating and accelerating forces.

Scherff and Springer [47] redetermined the equilibri-
um phase boundary between 3-UC and B-UC, in the
temperature range 2173-2373 K (1900-2100°C), for C/U
ranging from the stoichiometry up to the congruently
vapourizing composition (1.00-1.08). Results are
markedly different from earlier ones obtained on the
basis of quenching experiments and the precipitation of
B-UC, occurs at much lower C/U ratios than those as-
sumed up to now. Experimental results are reported in
Table 10 from numerical original values.

2.2.2. Thermodynamic properties

The heat and the entropy of formation the uranium
carbides UC, U;C, and UC;49_9; were reported by
Hultgren et al. [11] as follows: AH0298‘15 K(U0,5C0‘5)
(J/g at.) = —45606 [52], —41422 [53], —34727 [54],

—46861 [55], —35146 [56], —48534 [57], —48534 [12],
—48534 + 2092;AS029&15 K (U0_5C0A5) (J/g at. K) =
1.925 + 0.126 (selected by Hultgren et al. [11]).
AH0293_15 K (U0_4C0_5) (J/g at.) = —41003 + 3347,
AS0293A15 K (U0.4C0A6) (J/g at. K) =4.058 £ 0.126 (SCICC-
ted by Hultgren et al. [11]) AH0298.15 K(U0,34CO.66)
(J/gat.)) = —31798 [58], —30962 [60], —27614 [61],
—31380[62], —31798 [63], —18410 [54], —30442 [64], —33890
[65], =31380 [57], —30125 [66], —30543 £ 2929;AS5°0s 15 k
(Uop34Coss) (J/gat. K) =2.385 £0.126 (selected by
Hultgren et al. [11]).

The heat of formation of the uranium monocarbide,
UC, was measured by Farr et al. [52] by combustion
calorimetry: AH s 15 k (UpsCos) = —43932 £ 2092 J/g at.
The carbide was prepared by a direct combination of the
elements, and the UC-UQO, mixtures used in combustion
experiments led to U3Og as the final uranium oxide
formed.

The thermodynamic properties of uranium dicarbide
were investigated by Fujishiro [59] by measuring
the dissociation pressure of uranium in the reaction
UGC,(S) = U(G) + 2C(S) using the Knudsen cell effusion
method. The Gibbs energy of the reaction 0.333U(S) +
0.667C(S) <= Uy 333C).667(S) was estimated by combin-
ing the obtained results with other thermodynamic data
to be —46359 + 4.1924T J/g at. in the range 2448-2731 K.

The heat of formation of uranium dicarbide, UC, g0,
was determined indirectly by Huber et al. [64], from
measurements of its heat of combustion in oxygen.
The calculated values for three series of run were,
respectively: AH0293_15 K(U0_345C(),655) = —28422 + 28857
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Table 10
3-UC/8-UC + 8-UC, phase boundary from Scherff and Springer [47]
T (K) t (°C) C/U‘j’l x1(U) Equilibrium
21845 1945 1.006 0.49850 5-UC(p1) + 8-UC($2)
2221 +4 1948 1.006 0.49850 -
2220+3 1947 1.008 0.49801 -
2253 £20 1980 1.010 0.49751 -
2294 +4 2021 1.019 0.49529 -
2326 +5 2053 1.026 0.49358 -
2275+2 2002 1.032 0.49212 -
2319+5 2046 1.036 0.49116 -
2328 £2 2055 1.043 0.48948 -
2348 +20 2075 1.045 0.48900 -
2353 £10 2080 1.063 0.48473 -
2357+ 10 2084 1.072 0.48263 -
2371 £ 12 2098 1.070 0.48309 -
2381+ 12 2108 1.081 0.48054 -
2415+ 10 2142 1.080 0.48077 -
2533 +13 2260 1.076 0.48170 -

—26835 + 2813, —30442 + 2020 J/g at. The third one
was selected as the best (higher purity and combustion).

The heat content of uranium dicarbide and the spe-
cific heat of uranium dicarbide, S UC, o3, were measured
by Levinson [67] from 1484 to 2581 K, using a drop
calorimeter. The experimental error was estimated as
+2%. The transition temperature from the low-temper-
ature form (o or bet) to the high-temperature form (B or
Sfcc_B1) was located at 2043 K (1770°C). Experimental
results are reported in Table 11 from the original table.

The standard molar free energy of formation of
uranium dicarbide, UC,, and uranium sesquicarbide,
U,C;, has been determined by Behl and Egan [66] by
means of solid state galvanic cells operated between 973
and 1173 K.

Table 11
Experimental enthalpy of UC,s; versus temperature from
Levinson [67]

T (K) Hr—Hs19 (J/g at.) CP (J/g at. K)
1484 32750 33.943
1490 33205 33.943
1587 36208 36.181
1689 40284 38.419
1794 44425 40.657
1878 47894 42.523
2016 54086 45.880
2021 54086 45.880
2043 Tetragonal <= Cubic

2081 60427 37.300
2086 61285 37.673
2213 65723 39.911
2277 68223 41.403
2393 73668 43.642
2483 77249 45.134

2581 81837 47.372

0333U(tet) + 0667C(S) < U0_333C0_667(S)I
AG = —22064 — 11.43627T J/g at.

0333U(bCCA2) + 0667C(S) =5 U0_333C0.()67(S)2
AG = —26471 — 7.25227T J/g at.

0.400U(tet) + 0.600C(S) <= Ug.00Co.c00(S):
AG = —36702 — 5.8576T 1/g at.

The heat transport properties (thermal conductivity)
and heat capacity of monocarbide, monophosphide and
monosulphite of uranium, UC, UP and US, were mea-
sured by Moser and Kruger [68] between room tem-
perature and 873 K, by using a transient technique with
a laser as a heat pulse source. Results are reported in
Table 12 from the original table.

Thermodynamic properties of uranium carbides UC
and UC, o3 were analysed by Leitnaker and Godfrey [69]
and shown to be consistent. Thermal functions were
calculated and reported in Table 13 from the original
table.

Table 12
Experimental enthalpy of UC versus temperature from Moser
and Kruger [68]

T (K) Hr—Haog Gy St—S8298
(J/g at.) (J/g at. K) (J/g at. K)
400 2678 26.987 7.740
500 5439 28.242 13.807
600 8326 29.288 19.037
700 11297 30.125 23.640
800 14351 30.962 27.824
900 17489 31.798 31.589
1000 20711 32.426 34.936
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Table 13

Thermal functions of UC(U 500Cos00) and UC, 93(Ug341Cos0) versus temperature from Leitnaker and Godfrey [69]

T (K) Uo.500Co.500 Uo.341Cosss0
Cy (J/g at. K) Hr—Hys (J/g at.)  S°r (J/g at. K) Cp (J/g at. K) Hr—Hyg (J/g at.)  S°r (J/g at. K)
298 25.33412 0 29.87376 20.80576 0 24.07585
300 25.39688 46 30.02020 20.86288 39 24.20437
400 27.36336 2699 37.63508 23.34758 2258 30.57319
500 28.38844 5489 43.86924 25.03260 4682 35.97098
600 29.05788 8364 48.86454 26.13215 7244 40.64049
700 29.60180 11299 53.63888 26.84614 9895 44.72453
800 30.08296 14282 57.61368 27.37450 12606 48..35162
900 30.56412 17315 61.19100 27.83145 15367 51.59315
1000 31.04528 20395 64.43360 28.37409 18177 54.56336
1100 31.54736 23522 67.40424 29.07380 21047 57.29081
1200 32.07036 26704 70.18660 30.00200 23999 59.86119
1300 32.61428 29939 72.75976 31.21578 27056 62.30304
1400 33.20004 33229 75.20740 32.70089 30250 64.67350
1500 33.82764 36581 77.50860 34.47159 33608 66.98684
1600 34.45524 39995 79.72612 36.48505 37153 69.27162
1700 35.14560 43474 81.83904 38.65559 40910 71.55640
1800 35.83596 47024 83.86828 40.91181 44889 73.82689
1900 36.58908 50645 85.81384 43.12519 49091 76.09739
2000 37.34220 54342 87.71756 45.13865 53507 78.36789
2060 46.18108 56247 79.71020
2060 36.97057 60175 81.62370
2100 38.13716 58114 89.55852 37.75596 61670 82.33769
2200 38.95304 61970 91.33672 39.72658 65545 84.13696
2300 39.81076 65908 93.09400 41.69720 69616 85.95050
2400 40.68940 69932 94.80944 43.66782 73883 87.76404
2500 41.58896 74046 96.48304 45.63844 78348 89.59186
2600 42.53036 78251 98.13572 47.59478 83009 91.41968
2700 43.47176 82550 99.76748 49.56541 87868 93.24751
2800 44.45500 86948 101.3574 51.53603 92923 95.08961
2900 53.50665 98175 96.93171
3000 55.47727 103625 98.77382

Craig et al. [70] measured the Gibbs free energies of
formation of uranium monocarbide (1115-1165 K) and
uranium dicarbide (1015-1160 K) by equilibrating two-
phase mixtures of UC, +C and UC, + UC with liquid
bismuth. The uranium activities in these two-phase re-
gions were deduced from the measured equilibrium
concentrations of uranium in the bismuth combined
with available activity coefficient information. The
activity of carbon and uranium referred to pure solid
elements in the diphasic field UC, + UC was determined as
follows: T (K), x, ac, ay = 1165, 0.01926, 0.973, 3.269 x
1073%; 1115, 0.01720, 0.954, 2.094 x 10~>. The measured
Gibbs energies of formation are given as follows: T (K),
AG°:(UC,) (J/mol) = 1165, —100541 + 2008; 1115,
—100709 + 1925; 1015, —100876 &+ 1757. T (K), AG°:(UC)
(J/mol)= 1165, —100290 + 1506; 1115, —100290 + 1381.

MacLeod [71] calculated the molar thermodynamic
properties of uranium dicarbide (300-1800 K) from
enthalpy measurement (400-1520 K) in an adiabatic
drop calorimeter. The heat of formation of uranium
dicarbide from the solid elements was calculated at 298 K

from the existing free energy data and the present
enthalpy values: AH 515 x(UC;9) =—87864 + 837 J/mol
or —30298 + 289 J/g at. Numerical results are reported in
Table 14 from the original table.

The specific heat and heat content of UC were
measured by Affortit [72] by using the ‘rapid heating’
method. Numerical results are reported in Table 15 from
the original table.

Thermodynamic properties of uranium carbides
UC and UC;9 were measured by Akhachinski and
Bashlykov [73]. Thermal functions were calculated and
reported in Table 16 from the original tables.

The high-temperature thermodynamic properties of
hypo- and hyper-stoichiometric uranium carbides were
studied by Tetenbaum and Hunt [43]. The activity of
carbon was measured versus the C/U ratio in the tem-
perature range 2155-2455 K. The calculated free ener-
gies and heats of formation are presented in Table 17.
The heats of formation of UC, o), UC, 5 and UC, g5 were
found by averaging values to be AH°¢(205)(UosCos) =
—47488 £ 628 /g at., AH°r93)(UpsCos)=—36373 £
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Table 14
Thermal functions of UC,¢(Ug345Co6s5) versus temperature from MacLeod [71]
Experimental Calculated
T (K) HTszgg (J/g at.) ST*SZQX (J/g at. K) T (K) Cp (J/g at. K) HT*Hzgg (J/g at.) SOT (J/g at. K)
402.78 2378 6.80982 298 20.92 0 23.53139
475.27 4086 10.70527 300 20.99214 39 23.61796
536.12 5646 13.79277 330 22.00207 684 25.96966
599.15 7228 16.59172 400 23.60353 2284 30.12480
679.24 9398 19.98221 500 25.04629 4722 35.92469
751.10 11260 22.60803 600 25.98408 7274 40.12312
827.81 13375 25.27713 700 26.71989 9910 44.20612
895.30 15160 27.38356 800 27.32585 12614 47.84188
980.08 17638 30.02381 900 27.87410 15374 51.10251
1040.15 19309 31.66855 1000 28.36463 18186 54.08902
1099.76 21167 33.41429 1100 28.85517 21048 56.80141
1175.80 23290 35.27545 1200 29.30243 23956 59.34066
1272.41 26191 37.64157 1300 29.74968 26909 61.69236
1412.40 30201 40.68579 1400 30.18251 29906 63.91421
1523.53 33466 42.92207 1500 30.61534 32944 65.35697
1600 31.04817 36026 67.92508
1700 31.45214 39149 69.78623
1800 31.87054 42315 70.83945

Table 15
Experimental enthalpy of UC versus temperature from Affortit
[72]

T (K) Cp (J/g at. K) HT*H7[)() (J/g at.)
700 28.49304 0
800 29.20432 2887
900 29.93652 5837

1000 30.64778 8870

1100 31.38000 11966

1200 32.09128 15146

1300 32.82348 18395

1400 33.53476 21715

1500 34.26696 25104

1600 34.99916 28577

1700 35.75228 32112

1800 36.52632 35710

1900 37.34220 39413

2000 38.28360 43199

2100 39.37144 47070

2200 40.71032 51087

2300 42.38392 55229

2400 44.53868 59580

2500 47.36288 64162

2600 50.98204 69078

2700 55.60536 74392

2800 61.46296 80249

1450 J/g at. and AHOf(Z()g)(U0‘351C0‘649) = —33325 +
1908 J/g at.

The partial Gibbs energy of carbon AG® was calcu-
lated from the values of AHc and ASc versus tempera-
ture and composition and are reported in Table 18 from
the original values.

Oetting et al. [74] determined by drop calorimetry the
high-temperature enthalpy of uranium monocarbide,
uranium sesquicarbide and uranium dicarbide (UC,
U,C;, UC, ). Experimental results are reported in
Table 19 from the original tables. The calculated heat
capacity of the three uranium carbides is reported in
Table 20.

The experimental enthalpy of formation and entropy
at room temperature of the uranium carbides coming
from various sources are reported in Table 21.

Another useful thermodynamic property, the activity
of pure components (carbon and uranium), was experi-
mentally determined and graphically reported by Storms
[12] from technical reports in the temperature range
21002300 K and composition range 0.3 < xY) < 0.53.
The activity of wuranium in the (UC, —C) and
(UC 4 UQ,) fields and temperature range 1015-1160 K
was also measured by Craig et al. [70]: T (K), xV,
ay = 1015, 1.13 x 1072, 6.43 x 107%; 1065, 1.35 x 1072,
1.14 x 1073%; 1115, 1.57 x 1072, 1.91 x 1073; 1160, 1.81 x
1072, 2.98 x 1075; 1115, 1.720 x 1072, 2.094 x 1073;
1165, 1.926 x 1072, 3.269 x 10~3. The activity of carbon
was measured by Tetenbaum and Hunt [43] in the
temperature range 2155-2455 K and the composition
range 0.35 < x(Y) < 0.51 (Table 18).

Some other works have been made on calculation of
thermodynamic properties from theoretical approaches.

Hoch et al. [75] used a statistical model to treat the
measured carbon activity as a function of the composi-
tion and temperature in the non-stoichiometric uranium
monocarbide UC, (x < 1).

Nikol’skii [76] and Nikol’skii and Levina [77] pro-
posed equations to describe the activities of uranium
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Table 16
Thermal functions of UC(Uj 500Cos00) and UC).99(Ug3a5Co6s5) versus temperature from Akhachinski and Bashlykov [73]
T (K) Uo.500Co.500 Uo.345Co.655
C, (J/g at. K) Hr—Hys (J/g at.) S°r (J/igat. K) G, (J/gat. K) Hr—Hys (J/g at.) S°r (J/g at. K)
298 25.06216 0 29.60180 20.94886 0 23.56025
500 28.43028 5477 43.55544 25.23385 4792 35.73718
700 29.68548 11301 53.34600 26.30149 9956 44.42254
900 30.62688 17332 60.91904 27.39799 15319 51.16022
1100 31.38000 23556 67.15320 29.12497 20959 56.80141
1300 32.59336 29957 72.50872 31.65412 27023 61.86549
1500 33.74396 36589 77.23664 35.05903 33680 66.62659
1700 35.08284 43472 81.54616 39.37288 41108 71.27228
1900 36.56816 50626 85.52096 44.61010 49492 75.91796
2038 48.76524 55930 79.19302
2038 42.47481 59534 80.96761
2100 38.22084 58116 89.26564 42.47481 62167 82.23724
2300 40.04088 65940 92.82204 42.47481 70661 86.04612
2500 42.04920 74141 96.25292 42.47481 79155 89.65302
2700 44.20396 82760 99.55828 42.47481
2800 42.47481 91897 94.45741
2823 45.62652 88282 101.5666
Table 17
Free energies and heats of formation (J/g at.) for UC, from Tetenbaum and Hunt [43]
T (K) 2155 2255 2355 2455
x(U) AG®; AH p(298) AG®; AH ;298 AG®; AH 508 AG®; AH (593
0.50505 - - —48870 —45644 —49447 —45432 -51560 —47968
0.50000 —52509 —48116 -51882 —47488 -51672 —47488 -51254 —46861
0.48780 -43677 -38779 —45922 —41024 —47146 —42248 —48167 —43473
0.47619 -48663 —41840 -49013 —43633 -50606 —43832 —51403 —45626
0.46512 — - -49040 -43202 -50208 -44175 —52154 -46121
0.45455 - - - - -49067 —42601 -50779 —44122
0.43478 — - - — - - -49662 -42022
0.41667 - - - - —45850 —37482 —48465 —40445
0.40000 - - —44016 -35313 —45187 —35982 —47363 —37824
0.38462 - - -43127 -33794 —44898 -34920 —46668 -36208
0.37736 -39314 -37103 - — - - - -
0.37037 —46334 -37036 -41840 -31767 -44009 -33317 -44939 -33627
0.35714 —45725 -36012 —41691 —31081 —42438 —-31081 —43036 -30932
0.35088 -45217 -35234 - - -42562 -31416 - -
Table 18

Partial Gibbs energy of carbon AGc (J/mol) from Tetenbaum
and Hunt [43]

x(U) AGc

2155 K 2255 K 2355 K 2455 K
0.51020 —28397 —23497 —-18602 -13707
0.50505 -12008 -9498 -6987 —4477
0.48780 —4335 —-11991 —19648 -27309
0.48077 —4100 -10795 —17489 —24183
0.47619 -3803 —-10037 -16271 —22506
0.47393 3481 -9506 —15531 —21556
0.36900 -3579 -6966 —-10355 —13744
0.35971 —-3349 -6318 -9288 —-12259
0.35088 —2406 —4498 -6590 —8682

and carbon as a function of the composition of a cubic
solid solution of UC,. Formally, it corresponded to an
ideal solution of U, UC and UC, with a reaction
UG, + U <« 2UC.

Murch and Thorn [78] described the partial molar
properties of carbon in UC, (1 < x < 2) in terms of an
fce lattice gas model in which the C, groups attract only
when they are nearest neighbours. The chemical poten-
tial was calculated by using a modified Monte-Carlo
method.

McLellan [79,80] applied to the UC,_, phase the
method of expanding the free energy of a solid solution
crystal in terms of semi-invariant cumulants as the high-
temperature limit is approached. The rock-salt-like
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Table 19
Enthalpy of UC(Uj500Co.500)s U2C3(Up.a00Co.600) and UC;99(Up34sCoss) versus temperature from Oetting et al. [74]
Uo.500Co.500 Uo.400Co.600 Ug.345Co.655

T (K) Hr—Hyes (J/g at.) T (K) Hr—Hyes (J/g at.) T (K) Hr—Hyes (J/g at.)

501.3 5560 429.8 3020 467.0 3835

522.3 6123 503.5 4792 570.8 6382

625.4 9217 570.8 6471 573.1 6528

644.4 9682 633.6 8144 623.8 7842

719.6 12075 693.6 9746 650.3 8420

738.5 12671 698.6 9913 670.0 8963

738.6 12750 775.9 11956 670.7 9036

798.4 14474 831.3 13477 672.9 9113

870.6 16799 900.5 15395 725.2 10572

871.1 16591 924.1 16053 774.6 11779

943.4 18986 971.9 17374 775.7 11783

1021.3 21426 1009.5 18425 829.5 13282

1091.3 23568 1044.1 19505 875.6 14543

1169.5 26110 1131.2 21771 883.8 14785

1252.0 28842 1141.6 22085 936.0 16338

1352.7 32313 1213.0 24428 989.6 17770

1448.6 35719 1280.9 26455 1001.8 17970

1455.4 35842 1298.4 26837 1045.3 19449

1571.0 39982 1346.4 28275 1075.3 20145

1672.0 43392 1351.1 28386 1090.2 20542

1351.2 28417 1096.5 20821

1367.4 29121 1147.1 22480

1435.7 31721 1147.6 22277

1499.9 33831 1168.8 22937

1567.4 35818 1201.1 24053

1667.4 39394 1278.8 26463

1312.3 27427

1362.0 29006

1543.2 34231

1670.3 37699

structure contained linked C-C pairs in octahedral sites
in the fcc Bravais lattice.

2.3. Thermodynamic modelling and optimization results

The liquid phase, L, was described by a substitutional
model with one lattice, with the following formula
[Ci,Uy],(L). A Redlich-Kister polynomial of third
order was used for the excess Gibbs energy interaction
parameter, L_[C;, U], (L).

The C,.,U;(UC,UGC,) solid solution, fcc_B1 or 3,
was described by a two-sublattice model. The following
formula was used: [C;,Cs, Va],[U],(fcc_B1). The first
lattice may be occupied by single carbon atoms, Ci,
double carbon atoms, C, or vacancies, Va. Such a de-
scription allowed us to describe both the C;_,U; com-
position range, i.e. the domain UC-U, and the C,,, U,
composition range, i.e. the domain UC-UC,. The first
domain is covered by the part of the formula
[C1, Va],[U,],(fecc_Bl), in which reference components
are C, U, (fcc_B1,8) and Uj(fcc_Bl, 3), while the second
domain is covered by the part of the formula

[C1,C,],[Uy]; (fec_B1), in which reference components
are C,U(fcc_B1,38) and C,U,(fcc_B1,d or B). Thus,
the first excess Gibbs energy interaction parameter
L[Cy, Va],[Uy], (fcc_B1) allowed us to describe the sub-
stoichiometry of UC with respect to carbon, and the
second one, L[C,, C,],[U;],(fcc_Bl) the over-stoichio-
metry of UC up to UC,. This interaction term also al-
lowed us to represent the solid miscibility gap between
(UC) and (UGC,) below 2373 K. The first interaction
term was described by a constant term versus composi-
tion (regular description), and the second one by a
first-order Redlich-Kister polynomial (sub-regular de-
scription). The interaction term L[C,, Va],[U,], (fcc_B1)
was set to zero, because the occupancy of Va is very small
when C;, C, are simultaneously present, as the one of C,
when C; and Va are simultaneously present. The Gibbs
energy of the fictive U (fcc_B1, §) structure was set to a
positive value (20000 J) to be metastable at any tem-
perature. The other reference component C,U,(fcc_B1,
d) is a stable one, while C,U;(fcc_B1,6 or B) is meta-
stable but near the stable compound UC; gy 93 (high-
temperature form).
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Table 20

Heat capacity of UC(Us00Co.500)s U2C3(Uga00Co00) and UC; 99(Ug345Co655) versus temperature calculated by Oetting et al. [74] from

the experimental enthalpy

T (K) Cp(U0‘5C0,5) (J/g at. K) Cp(U()AC(),é) (J/g at. K) Cp(UU,345C0,655) (J/g at. K)
298 25.06216 21.47288 20.87686598
300 25.104 21.489024 20.90562199
400 27.59348 23.991056 23.11983505
500 28.78592 25.087261 24.55763574
600 29.51812 25.748336 25.67912027
700 30.06204 26.292256 26.61369072
800 30.50136 26.852912 27.4188591
900 30.91976 27.497248 28.12338144

1000 31.31724 28.242 28.74163574

1100 31.75656 29.12064 29.288

1200 32.19588 30.149904 29.76247423

1300 32.65612 31.313056 30.16505842

1400 33.1582 32.6352 30.51013058

1500 33.70212 34.116336 30.78331271

1600 34.28788 35.756464 30.98460481

1700 34.89456 37.555584

1800 35.54308 39.513696

1900 36.23344 41.5028

2000 36.98656 43.923632

2100 37.7606

2200 38.57648

2300 39.4342

2400 40.33376

2500 41.27516

2600 42.2584

2700 43.28348

2800 44.3504

2823 44.62236

The low-temperature form of the C;,,U,;(UC,UGC,)
solid solution, bet or o, was described similarly to the
high-temperature form, by a two-sublattice model, with
the same formula, [C,, C,, Va],[U,],(bct). The interac-
tion parameters were taken identical to the ones of the
fcc_B1 phase, as the Gibbs energy of the hypothetical
reference states U;(bct, o) and U, (fcc_Bl1, 3). Thus, the
difference of Gibbs energy of the fcc_B1 and bct solid
solutions came only from the one of the reference sub-
stances, C,U(fcc_B1,d or B) and C,U,(fcc_B1,3) on
the one hand, C,U,(bct,a) and C,U,(bct,a) on the
other hand. Because the low-temperature form appears
only near the (UC,)-rich compositions, the Gibbs energy
of C,U,(bct, o) was chosen in order that this compound
be metastable.

The difference of the Gibbs energies of
C,U (feeB1, 8 or B) and C,U; (bcet or o) allowed us to
reproduce the selected transition temperatures observed
on the phase diagram between the low-temperature and
the high-temperature form.

The sesquicarbide phases e-C;U, were considered as
a stoichiometric compound.

e-C3U, and the pure stable reference substances
C U (feeBl, 8), C U (fee_B1, 8 or B) and C,U; (bet or
o) were described by a six-term function versus tem-

perature. Their Gibbs energies were optimized from the
experimental thermodynamic data of pure substances.

In the optimization process, a primary criticism of
the available experimental information was firstly made
and experimental values which were evidently out of
range of the currently accepted ones were discarded
before running the assessment code. All other experi-
mental values (phase diagram and thermodynamic
properties) were taken into account in the optimization
process.

All Gibbs energy parameters Appendices A—D will be
stored in the THERMALLOY solution thermodynamic
database [97].

The SGTE -‘lattice-stabilities’ of pure elements are
reported in Appendix A. The estimated ‘lattice-stabili-
ties’ and the optimized Gibbs energy parameters of
stoichiometric compounds are reported in Appendix B.
The excess Gibbs energy interaction parameters of so-
lution phases are reported in Appendix C. The funda-
mental thermodynamic properties of stoichiometric
compounds are reported in Appendix D.

The entire C-U phase diagram was calculated
with the optimized Gibbs energy parameters obtained in
this work and compared to the selected experimental
information in Fig. 3. The overall agreement is quite
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Table 21
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Comparison of calculated enthalpy of formation and entropy at room temperature, AH (25 in J/g at. and S°9) in J/g at. K, for the
stoichiometric compounds, UC(Cys00Uos00), UC1.90(Co.655Up345) and UsCs(Cog00Uoa00), and experimental ones

C04655 U0.345

Co.s00Uo.4

Co.500Uo.500 00
X AH (593 Reference x AH®(593) Reference x AH®¢ (293 Reference
0.50 —43932 +2092 [52] 0.34 -31798 [58] 0.40 —36373 + 1450 [43]
0.50 —41422 [53] 0.34 -30962 [60]
0.50 —34727* [54] 0.35 -31380 [62]
0.52 —46861 [55] 0.36 -31798 [63]
0.50 -35146 [56] 0.34 —18410¢ [54]
0.50 —48534 [57] 0.34 -276144 [61]
0.50 —48534 [12] 0.34 —-33890 [65]
0.50 —47488 + 628 [43] 0.34 -31380 [57]
0.34 -30125 [66]
0.345 —28422 4 4404¢ [64]
0.345 —26835 + 2885 [64]
0.345 —30442 4+ 2020 [64]
0.351 —33325 4+ 1908 [43]
0.345 —30298 + 289 [71]
0.50 —48534+ 2092 [11] 0.34 —30543 + 2929 [11] 0.40 —41003 + 3347 [11]
0.50 —48534 [calc.] 0.345 -30533 [calc.] 0.40 —38349 [calc.]
X 8°(298) Reference x 8°(208) Reference x §°(208) Reference
0.50 29.87376 [69] 0.341 24.07585 [69] 0.40 27.57256 [11]
0.50 29.60180 [74] 0.345 23.53139 [71] 0.40 27.55582 [74]
0.50 29.60180 [73] 0.345 23.47928 [74]
0.50 29.87376 [11] 0.345 23.56025 [73]
0.34 23.22120 [11]
0.50 29.87376 [calc.] 0.345 23.973 [calc.] 0.40 26.68 [calc.]
4 Discarded.
T/K { I - I T/K * ! * : ! - - : ‘THREE-PHASE REACTIONS
3200 [ 3200 [ 2699.00 0.000 0.330 0.344
2800 N\ L 2800 . P im0 a.000 0341 0400
5 X L 2400| FCC_B1 L 2106.00 0.387 0.400 0.474
2400 e} I [ o o o
a a 1049.00 0.501 1.000 1.000
2000 — . L 1600 L 942.02 0.500 1.000 1.000
N 1200 €302 (8) ->| uu::sc#ﬁ);» mmE
e — commny T g o
1200 Ul (BCC A2) -5 400 UH(ORT 200> 2323.00  0.438
€302(s)->| 1L {TET) = 0.00.10.20.30.40.50.60.70.80.9 1.ox mot) §3;§33 ols00
800 . <-c1u1 (FcC B1) i tts00 100
400<-CI‘HEX A9) ¢ UL(ORT A20) -5 1408.00  1.000
T T T T T T T T T X (mol)
@ + [43Sno] x  [59Bro] # [63wWit] z [67Sto]
x [52Mal] © [60Blu] & [63Wit] s [69Ben]
o [52Chi] v [60Blu) ~  [65Gui] a [71Tet]

C-U

Fig. 3. Calculated C-U equilibrium phase diagram (this work)
compared to experimental information.

satisfactory, whatever the agreement is better with the
phase diagram presented by Benz et al. [14] in Fig. 2
than with the one presented by Storms [12] in Fig. 1. The
calculated phase diagram is presented with the quoted
compositions and temperatures of all assessed invariant

Fig. 4. Calculated C-U equilibrium phase diagram (this work)
with quoted invariant or transition reactions.

reactions or transitions in Fig. 4 and with different axes
(C/U mol ratio, temperature in °C) in Fig. 5. The cal-
culated reactions were compared to the experimental
ones in Table 2.

The enthalpy of formation AH°;x95) and entropy at
room temperature, S°og) of the uranium carbides UC,
U,C; and UC, 4, were calculated and compared to the
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THREE-PHASE REACTIONS

€68.87  0.500 0.000 0.000
775.85  0.499 0.000 0.000
1116.65  0.492 0.010 0.000
1756.35  0.600 0.643 0.644
1832.85  0.613 0.600 0.526
1477.45  1.000 0.659 0.600
1762.75  1.000 0.656 0.656
2425.85  1.000 0.670 0.656

TRANSITTONS

[<-U1 (BCC_A2)

Iy <-C302 (S)

L 665.85  0.000
C1(HEX_A9) ->] 775.85  0.000

1134.85  0.000

400| C1UL(FCC B1)->)
I~01 (ORT_520)

(mol) 2514.85 0.500

T T T T T T T T T X
0.00.10.20.30.40.50.60.70.80.91.0 2402.85  0.600
2049.85  0.562

2434.25  0.650
4492.15  1.000

@ U-C

Fig. 5. Calculated C-U equilibrium phase diagram (this work)
with different axes.

50
40 -
<
®
o
S e [67,63Lev]
o v [69, 67 Lei]
o s a  [71, 59 Mac]
30 A o [73,70 Akh]
= [74,72 Oef]
4 [68,67 Mos]
o [72,70 Aff]
Calculated
20 T T T T T T
500 1000 1500 2000 2500 3000

T(K)

Fig. 6. Calculated heat capacity of the three uranium carbides,
UC, U,C; and UC, 4, compared to the experimental informa-
tion from various sources.

experimental ones in Table 21. The calculated heat ca-
pacity compared to the various experimental data is
presented in Fig. 6.

The heat content versus temperature Hr—Hyg of the
three uranium carbides was compared to the available
experimental data in Tables 22-24 and Figs. 7-9.

The activity of C and U was calculated at 2100 and
2300 K and compared to the experimental data taken
from Storms [12] in Figs. 10 and 11.

3. The B-U system
3.1. Short presentation of the different phases
The phase diagram of the B-U binary system was

reported in a compilation work by Elliott [9]. Hansen
and Anderko [8] and Shunk [10] only gave information

on the intermediate phases and the invariant reactions
or melting points. The B-U phase diagram taken from
Elliott [9] is presented in Fig. 12.

The condensed solutions and stoichiometric sub-
stances, with the symbols currently used in this work,
are as follows: liquid phase, L; intermediate compounds
B]zUl(S) or UB127 B4U1 (S) or [JB47 BzUl(S) or UBz,
pure uranium: U;(ort_A20) or o-U; U(tet) or
B-U; U (bce_A42) or y-U; pure boron: Bi(rho) or B. No
mutual solubility of boron in uranium and uranium in
boron was reported.

The three compounds melt congruently and the dia-
gram shows four eutectic reactions.

The structures of the intermetallic compounds were
given by Hansen and Anderko [8] and Elliott [9] and
reported in Table 25.

3.2. Experimental information

In the following, T is the temperature in Kelvin
(Celsius are quoted between brackets), x(U) or x the
uranium atomic fraction in one phase, x© is the global
uranium atomic fraction, L the liquidus or the liquid,
and S the solidus. In all tables, values between brackets
are not experimental but estimated for the optimization.

3.2.1. Phase diagram

According to Hansen and Anderko [8], the temper-
ature of the U-UB, eutectic is close to 1405 K (1132°C),
while the one of the UB,—UB, eutectic is above 1838 K
(1565°C).

The diagram reported by Elliott [9] is mainly based
on the experimental study of Howlett [84] by means of
X-ray, metallographic and dilatometric techniques. The
melting points of uranium-boron alloys were deter-
mined by optical measurements and reported in
Table 26. The solid solubility of boron in uranium is
low. The U-UB, eutectic temperature was located at
1380.65 + 2.5 K (1107.5°C) by metallographic indica-
tions of melting after annealing, the composition near 2
at.% boron by metallographic evidence of proeutectic
constituents. The melting point of UB, was located near
2703 K (2430°C). UB, melted at 2768 K (2495°C), and
UB,, at 2508 K (2235°C). A narrow homogeneity range
was observed for UB,, due to the presence of vacancies
on the uranium sublattice. The temperature of the
B-U <= a-U + UB; eutectoid reaction is located at 928
K (655°C), the one of the y-U < B-U + UB, trans-
formation at 1043 K (770°C).

According to Eding and Carr [85], UB,, apparently
decomposed at 1673 K (1400°C).

Shunk [10] reported the melting temperatures for
UB; (2433 K or 2160°C) and UB, (2403 K or 2130°C)
considerably lower than those given by Howlett [84].

The B-rich portion of the system was investigated by
Mar [86] who determined the eutectic (mean value 2309
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Comparison of calculated heat content versus temperature of the uranium monocarbide UC and experimental ones,

Hr—Hao5(Co.500Uo.s00) in J/g at.

T (K) Hr—Hao3(Co.500Uo s00) (J/g at.)
[68] 69] (73] [74] Calculated
298 0 0 0 0 0
300 46 50 46
400 2678 2699 2699 2679
500 5439 5489 5477 5525 5472
600 8326 8364 8443 8356
700 11297 11299 11301 11424 11303
800 14351 14282 14451 14302
900 17489 17315 17332 17523 17349
1000 20711 20395 20635 20441
1100 23522 23556 23788 23580
1200 26704 26985 26768
1300 29939 29957 30227 30006
1400 33229 33518 33297
1500 36581 36589 36863 36645
1600 39995 40260 40053
1700 43474 43472 43720 43524
1800 47024 47242 47061
1900 50645 50626 50831 50670
2000 54342 54492 54352
2100 58114 58116 58229 58112
2200 61970 62044 61953
2300 65908 65940 65944 65880
2400 69932 69931 69896
2500 74046 74141 74011 74004
2600 78251 78186 78210
2700 82550 82760 82462 82515
2800 86948 86843 86926
2823 88282 87889 87955

K or 2036°C) and liquidus temperatures (reported in
Table 26) from cooling curves. The phase relations were
determined primarily by a thermal analysis technique in
which an optical pyrometer was used as the sensor.

3.2.2. Thermodynamic properties

Podobeda and Malykh [87] determined theoretically
the standard values of the entropy and the temperature
dependence of the heat capacity of uranium borides.
They used both new approaches as well as most of the
currently known methods of calculating by empirical
formula. The entropy at room temperature, S°pos s k
was reported as follows: UB,: 12.4, 16.62, 15.6, 15.28,
15.15, 14.81, 15.21 cal/mol K, mean value: 15.01 cal/mol
K, 20.934 J/g at. K; UBy: 22.25,22.3, 16.52, 16.53, 19.60,
18.74 cal/mol K, mean value: 19.32 cal/mol K, 16.17 J/g
at. K; UBy,: 37.2, 30.47, 20.57, 36.74, 27.17 cal/mol K,
mean value: 30.43 cal/mol K, 9.794 J/g at. K. They gave
up to four equations for the temperature dependence of
each uranium boride, corresponding to the different
models.

Flotow et al. [88] prepared a sample of uranium di-
boride characterized as UB) 979.000s- They measured the

standard enthalpy and entropy of UB, at room
temperature, AH° 515 xk = —54810+ 5579 J/g at.,
AS° 29515 k = —2.148 £0.07 J/g at. K. They reported
the values from Alcock and Grieveson [89] calculated
from equilibrium measurements at high temperature:
AH® 20515 k = —48255 & 4184 J/g at., AS® 29815 k =
+0.7+287J/g at. K. At 298.15 K, the heat capacity,
the entropy and enthalpy increment were determined as
Cp,298.15 K = 18.587 + 0037J/g at. K, S0298.15 K =
18.503 £ 0.037 J/gat. K, Hr — Hy = 2960 + 6 J/g at.
The heat capacity was measured from 7.43 to 348.31 K.
Experimental results above 298.15 K are reported in
Table 27.

Fredrickson et al. [90,91] measured the enthalpy of
uranium diboride from 600 to 1500 K and from 1300 to
2300 K, respectively, by drop calorimetry and tabulated
the thermodynamic functions of UB; g from the exper-
imental values. Experimental and calculated values are
reported in Table 28 and 29, respectively.

Mar and Stout [92] determined the enthalpy of
the uranium dodecaboride from 1300 to 2200 K by
drop calorimetry. Experimental results are given in
Table 30.
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Table 23

Comparison of calculated heat content versus temperature of the uranium dicarbide UC, gy 9; and experimental ones,
Hr—Haos(UC) 99 193) in J/g at. (low-temperature form up to 2038 or 2060 K)

x(U) 0.341 0.345 0.345 0.344 0.345
T (K) Hy—Hys(UC\90-103) (J/g at.)
[69] [71] [74] Calculated
298 0 0 0 0 0
300 39 39 42 38
400 2258 2284 2250 2295
500 4682 4722 4792 4637 4775
600 7244 7274 7152 7353
700 9895 9910 9956 9767 9989
800 12606 12614 12470 12669
900 15367 15374 15319 15248 15395
1000 18177 18186 18092 18177
1100 21047 21048 20959 20995 21027
1200 23999 23956 23948 23960
1300 27056 26909 27023 26944 26992
1400 30250 29906 29978 30143
1500 33608 32944 33680 33044 33432
1600 37153 36026 36132 36877
1700 40910 39149 41108 40499
1800 44889 42315 44319
1900 49091 49492 48356
2000 53507 52630
2038 55930 54321
2060 56247 55318
2038 59534 59492
2060 60175 60211
2100 61670 62167 61702
2200 65545 65552
2300 69616 70661 69579
2400 73883 73785
2500 78348 79155 78173
2600 83009 82745
2700 87868 87503
2800 92923 91897 92448
2900 98175 97583
3000 103625 102908

Borovikova and Fesenko [93] evaluated the standard
entropy for uranium borides by a method of com-
parative calculations as S°p9g55 xk = UBj, : 8.688 +
0.961 J/g at. K; UB,:15.058 £1.674; UB,: 18.377 £
0.043 J/g at. K.

Chipaux et al. [94] measured the heat capacity of UB,4
up to 1100 K and analyzed the variation versus tem-
perature following a law of type C, =24.189 +
0.03791T — 708810/T* J/g at. K. They also reported
three experimental values from Krikorian [95].

The heat capacity values of B,U given by Chipaux
et al. [94] differ strongly from the ones reported by
Krikorian [95] and those estimated by using the
Neumann-Kopp rule between U(ort_A20) and
B(beta_rho_B), graphically represented in Fig. 17.

Moreover, the estimated heat capacity of B;,U is in
agreement with the experimental heat content Hr—Hog 15

determined by Mar and Stout [92], as presented in
Fig. 18.

The enthalpies and entropies of formation of B,U,
B,U and B, U were reported by Potter [96] as —54810,
18.367; —49120, 14.226; —33311, 10.75 J/g at. and J/g at.
K, respectively.

3.3. Thermodynamic modelling and optimization results

The liquid phase, L, was described by a substitutional
model with one lattice, with the following formula
[By,Uy];(L). A Redlich-Kister polynomial of second-
order (sub-regular) was used for the excess Gibbs energy
interaction parameter, L_[B;, U;],(L).

The three uranium borides, UB,,, UB4 and UB, were
all considered as stoichiometric compounds, although a
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Comparison of calculated heat content versus temperature
of the uranium sesquicarbide U;C;, and experimental ones,
H1—H193(Co4Uy) in J/g at.

T (K) Hr1—Hy93(Co4Ups) (J/g at.)
[74] Calculated
298 0 0
300 26 40
400 2335 2333
429.8 3020 3053
500 4795 4790
503.5 4792 4878
570.8 6471 6584
600 7337 7332
633.6 8144 8200
693.6 9746 9766
698.6 9913 9897
700 9940 9934
775.9 11956 11946
800 12587 12591
831.3 13477 13435
900 15313 15308
900.5 15395 15322
924.1 16053 15973
971.9 17374 17305
1000 18099 18096
1009.5 18425 18364
1044.1 19505 19350
1100 20967 20964
1131.2 21771 21878
1141.6 22085 22185
1200 23982 23928
1213 24428 24321
1280.9 26455 26406
1398.4 26837 26952
1300 27001 27002
1346.4 28275 28469
1351.1 28386 28619
1351.2 28417 28623
1367.4 29121 29143
1400 30197 30200
1435.7 31721 31374
1499.9 33831 33534
1500 33534 33537
1567.4 35818 35874
1600 37026 37030
1667.4 39394 39480
1700 40690 40694
1800 44543 44545
1900 48599 48599
2000 52876 52872

very narrow stoichiometry range was probable for UB,,
but without accurate limits.

In the optimization process, the Gibbs energy of
UB, was first evaluated by taking into account the
standard enthalpy and entropy at room temperature of
Flotow et al. [88] and the enthalpy and heat capacity
(600-2300 K) of Fredrickson et al. [90,91]; it was fixed as
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Fig. 7. Calculated heat content of the uranium carbide, UC,
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sources.

60000

50000 -

40000

30000 -

HT-H298 (Jfg.at.)

20000

10000 -

O Oetting and al [74, 72 Oet]
—— Calcufated

200

. T T . : . : T T
400 600 800 1000 1200 1400 1600 1800 2000 2200
T(K)

Fig. 8. Calculated heat content of the uranium carbide, U,C;,
compared to the experimental information from various

sources.

100000 -

80000 -

60000

HT-H298 (Jig.at)

40000 -

20000 -

Levinson [67, 63 Lev]

Oetting and al {74, 72 Oet] C1.9U(H_T) >
Leitnaker and Godfrey [69, 67 Lei]

MacLeod [71, 69 Mac]

Macleod calculated [71, 69 Mac]

Akhachinski and Bashlykov [73, 70 Akh]

Calculated

0O<ep>OO

- - ; - : .
500 1000 1500 2000 2500 3000
T(K)

Fig. 9. Calculated heat content of the uranium carbide, UC,y,
compared to the experimental information from various

sources.



P.Y. Chevalier, E. Fischer | Journal of Nuclear Materials 288 (2001) 100129 121
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Fig. 10. Calculated activity of uranium and carbon at 2100 K
compared to the experimental data reported by Storms [12].
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Fig. 11. Calculated activity of uranium and carbon at 2300 K
compared to the experimental data reported by Storms [12].
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Fig. 12. Phase diagram of the U-B system taken from Howlett
et al. [84].

follows. The heat capacity data of Chipaux et al. [94] for
UB, were found to be inconsistent with the other values
and thus discarded. The heat capacities of UB; and
UBy, were estimated by the Neuman—-Kopp rule from
U,(ort_A20) and Bj(beta_rho_B) which agreed well
with the experimental enthalpy at high temperature
(1300-2200 K) for UBj,. The standard enthalpy of for-
mation and entropy at room temperature of these two

Table 25
Crystal characteristics of the stoichiometric compounds in the B-U system
Compound Structure Lattice parameter Reference
UBj fec, isotypic with ZrBy, a=7473 A [82]
4 molecules per unit cell a="17468 A ) [83]
a=7.4773 £0.0005 A [84]
UB, Tetragonal, isotypic with ThB; ~ a=7.075 A, ¢ = 3.979 A, ¢/a = 0.562 [81]
a = 7.066 A, c=1397 A(,) c¢/a=0.56 [82]
a=7.080 A, c=3978 A, c/a =0.562 [83]
UB, Hexagonal, isotypic with a=3136 A, c=3988 A, c/a=1272 [81]
AlB,(Cs2) . .
a=3.1293 +0.0003 A, ¢ = 3.9893 £+ 0.0005 A, [84]

¢/a=1.275 (B-rich) _ )
a=3.1314 +0.0003 A, ¢ = 3.9857 £ 0.0005 A,
¢/a = 1.273 (U-rich)
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Table 26
Melting points of uranium-boron alloys from Howlett [84] and Mar [86]

T (K) & (°C) x1(U) x?2(U) Equilibrium

[34]

1380 1107 0.980 (0.333) L(¢1) + UBy(¢p2) + v-U(¢3)

1933 1660 0.812 (0.333) L(¢1) + UBy(¢2)

2048 1775 0.746 (0.333) -

2273 2000 0.648 (0.333) -

2533 2260 0.527 (0.333) -

2658 2385 0.415 (0.333) -

2703 2430 0.326 (0.333) -

2613 2340 0.267 (0.333) -

2663 2370 0.245 (0.200) L(¢1) + UB4(¢2)

2768 2495 0.185 (0.200) -

2548 2275 0.126 (0.200) -

2508 2235 0.080 (0.077) L(¢1) + UB2(¢2)

[36]

2406 2133 0.055 (0.077) L(¢1) + UB2(¢2)

2409 2136 0.047 (0.077)

2367 2094 0.038 (0.077)

2348 2075 0.020 (0.077)

2298 2025 0.009 (0.077)

2309 2036 0.009 (0.077) L(¢1) + UB»(¢2) + B(¢3)
Table 27 work and compared to the selected experimental infor-

Experimental heat capacity of B,U versus temperature from

Flotow et al. [88]

T (K) C, (J/g at. K)
298.15 18.587
300.4 18.684
310.6 19.087
320.84 19.510
330.94 19.889
340.91 20.245
348.31 20.490

compounds were then estimated in consistency with the
remaining experimental information. The Gibbs energy
of the uranium borides is described by a six-term func-
tion versus temperature and referred to the SER refer-
ence state. Two temperature ranges were needed to
describe the heat capacity of UB,.

All Gibbs energy parameters (Appendices A-D) will
be stored in the THERMALLOY solution database
[97].

The SGTE ‘lattice-stabilities’ of pure elements are
reported in Appendix A. The estimated ‘lattice-stabili-
ties’ and the optimized Gibbs energy parameters of
stoichiometric compounds are reported in Appendix B.
The excess Gibbs energy interaction parameters of so-
lution phases are reported in Appendix C. The funda-
mental thermodynamic properties of stoichiometric
compounds are reported in Appendix D.

The entire B-U phase diagram was calculated with
the optimized Gibbs energy parameters obtained in this

mation in Fig. 13. The overall agreement is quite satis-
factory. The calculated phase diagram is presented with
the quoted compositions and temperatures of all as-
sessed invariant reactions or transitions in Fig. 14 and
with different axes (temperature in °C, x(B)) in Fig. 15.

The calculated heat capacity C, of UB, is compared
to the experimental values of Flotow et al. [88] and
Fredrickson et al. [90,91] in Fig. 16.

The heat content versus temperature, Ht—H,gg, of the
uranium borides UB, and UBj, was calculated and
compared to the experimental ones in Tables 28 and 30.

The estimated heat capacity and the calculated heat
content of the uranium borides are compared to the
experimental information in Figs. 17 and 18.

4. Conclusion

We have presented in this work the critical assess-
ment of the two binary systems B-U and C-U from all
the available experimental information concerning both
phase diagram and thermodynamic properties. The
thermodynamic modelling of binary or ternary chemical
systems including uranium and other elements (Fe, Cr,
Ni, Zr, ...,) is being performed in the framework of the
development of a NTD, for increasing the basic
knowledge of key phenomena which may occur in the
event of a severe accident in a nuclear power plant. B
and C are present in the B,C control rods of a nuclear
reactor. The self-consistency obtained between the ex-
perimental results and the calculated ones by using the
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Table 28
Experimental enthalpy of B,U from Fredrickson et al. from 600
to 1500 K [90] and from 1300 to 2300 K [91]

Table 29
Calculated heat capacity of B,U by Fredrickson et al. from
experimental enthalpy (600-1500 K [90], 1300-2300 K [91])

T (K) Hr—Hoos (J/g at.) T (K) C, (g at. K) [90]
[90] Calculated 298.15 18.575
579.3 6342 6396 300 18.660
669.5 8730 8760 400 22.085
723.9 10209 10231 500 24.234
772.7 11618 11577 600 25.806
826.2 13069 13077 700 27.056
871.2 14329 14359 800 28.095
940.1 16328 16352 900 28.965
1021.7 18755 18758 1000 29.709
1087.6 20787 20733 1100 30.341
1135.8 22195 22195 1200 30.861
11872 23759 23769 1300 31.296
1189.8 23819 23849 1400 31.633
1240.7 25452 25422 1500 31.899
1293.5 27095 27068 T K) C, Wig at. K) [91]
1338.1 28495 28469
1386.9 29977 30012 1500 31.942
1435.9 31576 31571 1600 32.742
1485.8 33165 33169 1700 33.823
1800 35.283
T (K) [91] Calculated 1900 37.179
1303 27327 27366 2000 39.594
1397 30066 30332 2100 42.598
1496 33487 33497 2200 46.263
1604 37035 36989 2300 50.657
1679 39189 39466 2400 55.880
1814 43585 44122 2500 61.973
1896 47059 47099
1991 50699 50726
2110 55265 55611
2206 59767 59897 Table 30
2300 64623 64459 Experimental enthalpy of B;,U from Mar and Stout [92]

assessed Gibbs energy parameters of the different phases
is satisfactory. The fundamental thermodynamic func-
tions (heat capacity, enthalpy of formation and entropy
at room temperature) of the stoichiometric compounds
G UI(S), CU(S), C3Uy(S), B,U(S), BioUy(S) and
B,U,(S) were assessed. However, some lack of experi-
mental information were put in evidence, as thethermo-
dynamic properties of the two last compounds or the
liquid phases. New experimental data could be obtained
in the framework of the future nuclear safety pro-
grammes and used to improve the reliability of the
Gibbs energy functions.
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Table 31

‘Lattice-stabilities” or Gibbs energy parameters of elements

G(Sub) — G(Ref) = ay + by T 4 ¢, T log(T) + & T* + e, T + fi T + L, T2 +m T~ (J/g at. for T, < T < Tpyy)

Substance Ref Tk I by Cr dy e i
lk my
SGTE lattice stabilities [6]
B, (L) SER 298.15 40723.28 86.843839 —15.6641 —6.864515 x 1073 6.188775 x 1077 370843
500 41119.70 82.101722 —14.982776 —7.095670 x 1073 5.073469 x 1077 335484
2348 28842.01 200.94731 -31.4
B, (bet_rho_B) SER 298.15 —7735.28 107.111864 —-15.6641 —6.864515 x 1073 6.188775 x 1077 370843
1100 —-16649.47 184.801744 -26.6047 —7.980900 x 107* —2.556017 x 1078 1748269
2348 -36667.58 231.336244 —31.595753 —1.594880 x 103 1.34719 x 1077 11205883
3000 -21530.65 222.396264 -314
C(gra_hex_A9) SER 298.15 —17368.441 170.73 -24.3 —4.723 x 1074 0 2562600
—2.643 x 108 1.2 x 10
Ci(L) SER 298.15 100000.559 146.10 -24.3 —4.723 x 1074 0 2562600
—2.643 x 108 1.2 x 10'°
U, (ort-A20) SER 298.15 —8407.734 130.95515 -26.9182 1.25156 x 103 —4.42605 x 10-¢ 38568
955 —22521.8 292.121093 —48.66
U (tet) SER 298.15 -5156.136 106.976316 -22.841 —1.084475 x 1072 2.7889 x 1078 81944
941.5 —14327.309 244.16802 —42.9278
U, (bcc_A2) SER 298.15 —752.767 131.5381 -27.5152 —8.35595 x 1073 9.67907 x 1077 204611
1049 —4698.365 202.685635 —38.2836
U, (L) SER 298.15 3947.766 120.631251 -26.9182 1.25156 x 1073 —4.42605 x 10~° 38568
955 -10166.3 281.797193 —48.66

621001 (100Z) 88T SIPMAIDIN ADIINN fO [DUINOL | 4YISLL F “4o1padyD) X °d

¢el



Table 32

Gibbs energy parameters of condensed substances (elements and compounds)

G(Sub) — G(Ref) = a; + by T + ;T log(T) + diT* 4+ e, T° + fiT ™' + [, T2 +m T (J/g at. for T, < T < Tyy)

Substance Ref T ay by Cr dy e i
In my

This work

U (fee_B1, 3) U, (bec_A2) 298.15 +20000.00

U, (bet, o) U, (bcc_A2) 298.15 20000.00

Co.500Uo.500(fce-B1, 3) C(gra_hex_A9)

U, (bcc_A2) 298.15 —53413.24 35.39912 -5.457776 3.619306 x 1073 —0.5855 x 10°¢ —181089

C0_500U0_5[)0 (th, (X) C0_500U0_500(fCC,B1, 8) 298.15 500.00

Co.500Uo.500(fce-B1, 3) SER 298.15 —58880.00 171.95288 —29.760578 0.057138 x 1073 —0.32422-¢ 217780

Co667U0333(fec_B1, 8) SER 298.15 6193.77 —105.918145 7.8438233 —1.0272821 x 102 7.52067 x 10~° -5491740
—8.81 x 10° 4 % 108

Co667Up 333 (bet, ) SER 298.15 —43704.05 212.5905563 —34.9629114 8.537571 x 1073 —1.83221 x 107° 538235
—8.81 x 10° 4 x 108

Co.600U0.400(€) SER 298.15 —48891.92 175.15330 -30.012150 4.678713 x 1073 —1.36353 x 10° 288965

Bo.923U0.077(S) SER 298.15 —38367.06 121.772688 —18.189963 —4.829068 x 1073 0.26542 x 10~¢ 413703

Bo.300Uo.200(S) SER 298.15 —55835.03 129.114026 -20.213506 —5.578206 x 1073 0.35605 x 10-¢ 371855

Bo.6673U0.333(S) SER 298.15 —-63972.50 137.55038 —22.286574 —5.157738 x 1073 0.39417 x 10 310100

1600 —344980.46 2063.58552 —283.582964 106.066517 x 1073 —8.73248 x 10~¢ 58632007

9¢l1

621-001 (100Z) 88T SIPMAIDIN ADIINN fO [PUINOL | 4YISLL H “4o1padyD) X °d
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Gibbs energy parameters of condensed solutions in the binary M—-U systems (M =B, C)

127

L[M],UIL = Z‘,L‘.[Ml,UILXMXU LV[MI,UI]I = a“[Ml,Ul]] + bv[M] 5 U]]] T (J)

Phase Formula Excess interaction parameters
Name

quuld [Cl s U] ]] <L>
L°[Cy, Uy, (L) -247302.33
L'[Cy, Uy, (L) -109531.80
L2[Cy, Uy, (L) 29843.99
L3[Cy, Uy, (L) 29544.28

(Bi, Ui, (L)

L[B), Uy, ( -87131.46
L'[Bi, U] { -45053.09
L2[B), Uy],( -63392.13
LBy, U], -58920.22

Fcc_BI, & [C1,C,, Va],[Uy], (fee_B1, 8)
L°[Cy, Va],[U}], (fcc B, 8) 87340.50 — 32.77837T
L°[Cy, C,],[Uy], (fec_B1, 3) 40264.38
L'[Cy, Gy, [Uy], (fecB1, 8) 5013.70
L?[Cy, C,],[Uy], (fec_B1, 3) 6965.85

BCt, o [C],Cz,vah[Ul]l<th,d>
L°[Cy, Va],[U], {bct, o) 87340.50 — 32.77837T
LO[CI,CZL ], (bet, o) 38923.11
L'[Cy, C,],[Uy], {bet, o) 4222.04

L?[Cy, C,],[Uy], {bet, o) 6965.85
Table 34

Assessed fundamental thermodynamic properties of stoichiometric compounds in the C-U and B-U binary systems

Co=Ci+ DT+ ET? +FT™

2 (Ch=—ci; Dy =

—2di; By = —6ei; Fr =

—2fi) J/gat. Kfor T, < T < T_y)

Compound

Cy, (J/g at. K)

AHn9515 (J/g at.)

S°9s15 (J/g at. K)

Co.500Uo.500 (fcc_B1, 3)

Co.665 U345 (bet, or)

Cos65Uo345(fee B1, 8)

Co.600Uo.400 (8)

Bo.923Uo.077(S)

B0.667U0.333 (S)

(T > 1600)

B0.800U0.200 (S)

29.760578 — 1.14276 x 10747 +
1.945328 x 10772 — 43556072

35.330598 — 1.7696512 x 10727 +
1.137234 x 107372 — 93686072

—8.952231 +2.122154 x 10727 —
4.668 x 107872 + 1153895272

30.012150 — 9.357426 x 107°T +
8.18118 x 10772 — 57793072

18.189963 +9.658136 x 10737 —
1.59252 x 10772 — 82740672

22.286574 + 1.0315476 x 1072T —
2.36502 x 10772 — 62020072
283.582964 — 2.12133034 x 107!T +
5.239488 x 10772 + 11726401472

20.213506 + 1.1156412 x 10727 —
2.1363 x 107972 — 74371072

—48534

-30533

—38349

-29753

—-54810

—46837

29.874

23.973

26.680

7.5191

18.175

13.682
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Appendix A

See Table 31.

Appendix B

See Table 32.

Appendix C

See Table 33.

Appendix D

See Table 34.
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