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Carbon — Uranium — Zirconium

Pierre Perrot

Introduction

Investigations of the phase equilibria up to 2200°C by [1957Kie, 1957Nowl, 1958Bro, 1958Now,
1963Rud1] using X-ray diffraction showed that UC and ZrC form a continuous solid solution. The solid
solution is observed both from rapid cooling of the liquid mixture and from annealing at temperatures above
500°C [1958Iva]. According to early investigations [1957Now2, 1958Now], lattice parameter of this solid
solution shows a slightly negative deviation from Vegard’s law. However, subsequent work [19611va,
1963Rudl1, 1965Kut, 1968Nic] indicated that Vegard’s law holds for this phase within experimental
uncertainties. Using a disappearing-filament optical pyrometer, [1958Bro] measured the liquidus curve
along the UC-ZrC section. The partial isothermal section at 1700°C within the composition range bounded
by C, UC, and ZrC was determined by [1961Ben] using XRD technique. The whole isothermal section at
1700°C was constructed by [1975Hol] using the literature data, supplemented with approximate
thermodynamic calculation. Based on XRD technique, [1968Nic] measured the phase relations at 1700,
1900 and 2000°C within the U-Zr-UC-ZrC subsystem.

Binary Systems

The adopted C-Zr phase diagram is due to [1995Fer] who considered the experimental data of [1993But].
The C-U and U-Zr phase diagrams are taken from [2001Che] and [2004Che], respectively. It should be
noted that C-U diagram essentially the same as in [Mas2] and U-Zr diagram differs from the one presented
in [Mas2]. In the temperature range relevant to the known C-U-Zr equilibria it differs by the position of the
L+p two phase domain.

Solid Phases

The solid phases are presented in Table 1.

Quasibinary Systems

The quasibinary system UC-ZrC g1 established by [1993But, 1994But] is shown in Fig. 1. The miscibility
gap at temperatures below 1378°C calculated by [19820go] has not been confirmed experimentally.

Isothermal Sections

The isothermal section at 1700°C presented in Fig. 2 is mainly based on [1961Ben, 1968Nic, 1975Hol]. In
order to be consistent with the accepted binaries, the presented isothermal section is slightly modified. This
section is in qualitative agreement with the observations of [1968Ale] who measured lattice parameters of
the carbides resulting from the reaction between UC and Zr. In the work of [1968Ale], the reaction
temperature is not specified. The isothermal sections at 1900 and 2000°C presented by [1968Nic] and the
section at 2027°C by [1973Sto] differ from the section at 1700°C in that the ZrC contents of the solid
solution (U,Zr)C in equilibrium with the C and UC, are reported to be relatively large (68 + 2 mol% ZrC at
1900°C, 77 + 2 mol% ZrC at 2000°C, and 78 mol% ZrC at 2027°C), compared with the value of
61 + 3 mol% ZrC at 1700°C. Several isothermal sections above 2200°C are presented by [1993But], who
performed graphical and numerical curve fitting of self-consistent thermodynamic and phase diagram data
available in the literature. Figures 3 to 8 show the isothermal sections at 2200, 2410, 2480, 2600, 2850, and
3000°C established by [1993But], respectively. The isothermal section at 3420°C [1993But] shows that C
would be in equilibrium with a liquid phase containing approximately 80 at.% C, below which there is a
single liquid phase region.
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Temperatue — Composition Sections

The vertical section UC,-ZrC reported by [1973Sto, 1993But] is presented in Fig. 9.

Thermodynamics

The excess Gibbs energy of mixture for the solid solution (U,Zr)C has been evaluated by [1963Rud],
1963Rud2] using a regular solution model applied to the observed phase relationship. The following
expression may be used in the temperature range 1700-1900°C: A ;,G*] = a xycxzc Wwith
a=252kJmol . A more precise measurement using the time-of-flight mass spectrometer [1971Hoc]
yields a value of 28.0 + 2.4 kJ -mol ™! at 1960°C for «. This value is close to that for the (YU,BZr) body
centered solid solution. This later value for o leads to a critical point of 1411°C for the solid solution
(U,Zr)C, which agrees reasonably with the value of 1378°C calculated by [19820go]. High temperature
mass spectrometry was used by [1973Sto] to measure the activities of U and Zr in the (U,Zr)C solid solution
in equilibrium with C and UC,. The solid solution between ZrC and UC was found to be ideal at 1917°C
with an increasingly positive enthalpy of mixing as temperature increases. The stability of the solution
apparently results from the metal-carbon interactions with a repulsive contribution from the metal-metal
interactions above 1917°C.

The heat content of the solid solution U;_,Zr,C (x < 0.05) between 500 and 2500°C has been measured by
[1969Boc]. The dissolution of Zr in UC increases slightly the heat content of the solid solution. A more
precise description of the solid solutions is obtained by [19820ga] who took into account the homogeneity
ranges of the carbides.

Notes on Materials Properties and Applications

Because of its excellent nuclear and high temperature properties, the C-U-Zr system is attractive as a basis
for high temperature nuclear fuels. The (U,Zr)C solid solution and (U,Zr)C + C composite materials may
be materials of choice for the manned mission to Mars because of their excellent nuclear properties and
thermal stability.

The penetration rate of UC in various metals at 400°C has been investigated by [1962Kat]. The UC-Zr
system is considered as a “rapid” reacting system, because the penetration depth is higher than 50 pm in
10 days.

The influence of small additions of C on the morphology and mechanical properties of U-Zr alloys has been
investigated by [1962Cra]. In view of application of such alloys as nuclear fuels, the effect of irradiation is
also discussed.

Miscellaneous

The average thermal linear expansion coefficients in the temperature range of 25 to 1000°C has been
measured for different compositions of the solid solution [1965Kem, 1969Boc] and were found to be
6.4:10° K! for pure ZrC, 7.28:10°% K™! for the composition Ug 3Zry 7Co.o7 [1965Kem], 10.64:1070 K !
for the composition Uy ¢Zr( 17C and 10.8:10°% K~! for pure UC [1969Boc].
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Table 1: Crystallographic Data of Solid Phases

Phase/ Pearson Symbol/ Lattice Parameters Comments/References
Temperature Range Space Group/ [pm]
[°C] Prototype
C (graphite) hPA a=246.12 at 25°C [Mas2]
<3827 P63/mmc c=670.9
C (graphite)
C (diamond) cF8 a =356.69 high pressure phase
Fd3m
C (diamond)
(aU) oC4 a =285.37 at 25°C [Mas2]
<668 Cmcm b =586.95 dissolves ~1 at.% Zr at 617°C
alU ¢ =495.48
(BU) tP30 a=10759 at 25°C [Mas2]
776 - 668 PAy/mnm ¢ =565.6 dissolves ~2 at.% Zr at 693°C
pU
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Phase/ Pearson Symbol/  Lattice Parameters Comments/References
Temperature Range Space Group/ [pm]
[°C] Prototype
(aZr) hP2 a=323.16 at 25°C [Mas2]
<1360 P6s/mmc c=514.75
Mg
(yU,pZr) cl2. solid solution (YU,BZr)
Im3m
(yU) W a=23524 [Mas2]
1135-1776
(BZr) a=360.90 BZr dissolves ~1 at.% C at 1805°C
1855 - 863
N, UZr, hP3 a=503 65 to 78 at.% Zr [2004Che]
<617 P6/mmm c =308
AlB,
(U,Zr)C cF8
Fm3m
UpsZry 5C NaCl a=482.2 [1984Hol1, 1984Hol2]
6,UC a=49597 + 0.4  stoichiometric UC
<2515 from 47 to 66 at.% C
miscibility gap (critical point at 2050°C,
45 at.% C) [1993But, 2001Che]
ZrC a =469.6 33 to 50 at.% C [1995Fer]
<3427 at 50 at.% C [1961Ben]
¢, UyCy cl40 a =808.9 60 at.% C [1993But, 2001Che]
<1833 143d
PUZC3
e, UC, tl6 a=351.90+0.11 62to 65.5at.% C [Mas2]
1762 - 1477 14/mmm ¢=597.87+0.17 UCy 75 [2001Che]
CaC2
a=352.41 £ 0.05 UC,,[2001Che]
¢ =599.62 + 0.08
6, UC, cF12 a=1545.0 actually, “6,UC,” phase represents the
2434 - 1762 Fm3m 0,UC phase in equilibrium with graphite
CaF,? [1993But, 2001 Che]
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Fig.1: C-U-Zr.
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Fig.2: C-U-Zr.
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