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Isothermal and concentration sections of the phase
diagrams of ternary and quaternary systems U-M-C,
Pu-M-C, U-Pu-M-C, U-M;-M.-C, and Pu-M;-M:-C are
described. The miscibility of UC and PuC with other
binary carbides is discussed and the free enthalpies
of mixing are given. The ternary and quaternary
carbides and their lattice constants are compiled. The
free enthalpies of formation of these compounds are
estimated from the phase diagrams.

Des sections isothermes et de concentration des
diagrammes des phases ternaires——et— quaternaives
U-M-C, Pu-M-C, U-Pu-M-C, U-M;-M;-C et Pu-M;-M:-C
sont décrites. La miscibilité d’'UC et de PuC avec
d’autres carbures binaires est discutée et des enthalpies

Introduction and explanatory notes

The mixed carbide (U, Pu)C is considered as
promising nuclear fuel for fast breeding reactors.
Consequently much research on the actinide
carbides of systems containing these compounds
has been done. The acute interest in a dis-
cussion and compilation, e.g. of thermodynamic
data, is reflected in the discussions of a
panel held at the TAEA in Vienna from 9 - 13
September 1968. This panel was concerned with
thermodynamics of the binary systems U-C
and Pu-C, as well as with thermodynamics of
ternary systems, namely those of U-C-N,
Pu-C-N, U-C-0, Pu-0-0O, and U-Pu-C. These
systems, therefore, will not be dealt with in
detail in this paper. We refer to the Technical
Report of the TAEA 1),

Moreover, it seems to be essential with
regard to problems such as burn-up behaviour
or compatibility studies with cladding materials,

libres de mélange sont déduites. Les carbures ternaires
et quaternaires sont assemblés avee leur constantes
réticulaires et les enthalpies libres de formation sont
estimées des diagrammes des phages.

Isotherme und Konzentrations-Schnitte der Phasen-
diagramme terndrer und quarternirer Systeme U-M-C,
Pu-M-C, U-Pu-M-C, U-M;-M:-C und Pu-M;-Mz-C
werden beschrieben. Die Mischbarkeit von UC und
PuC mit anderen bindren Karbiden wird diskutiert,

und freie Mischungsenthalpien ,Werden_abgeleiﬁetf—/%

D6 ternaren und quarterniren Karbide werden mit
ihren Gitterparametern zusammengestellt und die
freien Bildungsenthalpien aus den Phasendiagrammen
abgeschétzt.

to give a survey on the work done in the field
of the constitution of the remaining multi-
component systems containing UC and PuC.
Furthermore we make the attempt to deduce
thermodynamic data of the ternary compounds
or solid solutions from the phase diagrams
whereby we include the results of other papers.
We try to quote characteristic publications or
publications that complement or contradict
each other. We base our paper on studies of the

Chemical Abstracts, the Nueclear Science Ab-
stracts, Plutonium Dokumentation of the

Kernforschungszentrum Karlsruhe, as well as
on the original literature. The figures are given
in the original form with references. In par-
ticular, inconsistencies regarding the existence
of UsCs and UG, at certain temperatures are
not considered. It can safely be assumed that
UC; is unstable below approximately 1500 °C.
The same holds for UCs above 1800 °C, e.g.56).
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Obviously small amounts of oxygen and nitrogen
influence the formation and decomposition
of these phases very strongly.

The multicomponent carbide systems are
divided into three groups, containing

A = A-metals (alkali and alkaline earth

metals);

T = T-metals (transition metals incl. lantha-
nides and actinides);
X = B-elements (metals and non-metals of the

B-groups).

A. Constitution

As yet studies of refractory carbides with
alkali or alkaline earth metals have not been
carried out, with the exception of systems
containing Be 2). It appears to be of interest
to know whether reactions of carbides with the
very frequent fission products Cs, Sr, and Ba

Re and Fe. Systems containing Mn or Tc¢ have
not yet been investigated in this respect. The
transition metals of the fourth and fifth group
form more stable carbides than UC and PuC,
those are therefore in equilibrium with uranium
metal. Uranium and the transition metals of the
eighth group form stable compounds with
ordered structures leading to the reaction
UC+3Me=UMes+C. It should be mentioned
that carbon inclusions in octahedral voids add
to the stability of these ordered structures.
This leads to ternary phases that are described
in section 4 of part A.

2.1. U-T-C

2.1.1. U-YC (fig. 1)
UC and Y0, are completely miscible, just as
are UCp and YC,3).

are possible.

1.1. U-AC

1.1.1. U-Be-C

According to?) the two-phase equilibria
UC-UBe3, UC-BeeC, and UBeys-BesC exist. No
ternary compounds were observed.

2, U-Pu-T-C
T =transition metals inel. lanthanides and
actinides.

The systems containing transition metals
are best studied because of their technological
importance. But there is as yet no clarity in

the actinide-lanthanide-carbon

systems relative

to the extent of a monocarbide mixed crystal.
This question is interesting in connection with
the problem of the burn-up behaviour of
carbide fuels.

The knowledge of the sections monocarbide-
transition metal is important, e.g. for com-
patibility studies. It can be seen from the phase
diagrams that UC is only in equilibrium with
the VlIa-metals Cr, Mo, and W, as well as with

U-C-Y(1500°C)

Fig. 1. Phase diagram U-Y-C at 1500 °C, ref. 3).
2.1.2. U-Ce-C (fig. 2)

At 1600 °C UC dissolves about 30 mole %, of
“CeC”. The other carbide phases have only
low solubilities 4). Ref.5) quotes similar results
with respect to the stabilization of “CeC”,
drawing attention to the difficulties which
exist in the adjustment of the equilibrium.

Ce
(70%) U-C-Ce(1600°C) (70%)

Fig. 2. Phase diagram U-Ce-C at 1600 °C, ref. 4).
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2.1.3. U-Gd4d-C

Above 1785 °C UC; and GdC; form a complete
cubic mixed crystal series, at lower temper-
atures a complete tetragonal mixed crystal
phase. The temperature of transformation for
UC; decreases from 1785 °C to about 1155 °C
at about 65 mole %, GdCs, increasing to 1275 °C
for GdCs. The sesquicarbide GdsCs is soluble
in UxC; at 1300-1500°C up to about
(Uo.91Gdo.09)2Cs ©).

2.1.4. U-Th-C (fig. 3)

UC and ThC are completely miscible. Ac-
cording to7) a miscibility gap exists in the
system UCy-ThCs at 1900 °C. Ref. 8) shows that
also UCs and ThC; are completely miscible, but
that the mixed crystals cannot be quenched
{fig. 4). The section UCy-Th(Cs then would have
to be changed according to fig. 4.

U-C-Th{1700°C)

Fig. 3. Phase diagram U-Th-C at 1700 °C, ref. 7).

2.1.5. U-Pu-C
Not treated in this paper; ref.l).

2.1.6. U-Ti-C (fig. 5)

The solubility of TiC in UC, rather like that
of UC in TiC, is below 1 mole 9, 9). Ref.19)
indicates the phase diagram of fig. 5, with a
solubility of about 10 mole %, UC in TiC.

2.1.7. U-Zr-C (fig. 6)

UC and ZrC are completely miscible. There
is still no clarity about point x (fig. 6), ac-
cording to 1) it is located at 30 mole %, UC at
1700 °C. Ref. 12) gives 70 mole 9, UC for
1700 °C, ref.13) 50 mole 9, UC at 1600 °C,

26004 _LopmpersIieS
2400
L0
2200
2000}_ s}s.
S 1800 cub,
L
g 1600 \‘ |
S 1008 o
@ ta i}
[
m T
800 etr. etr. \‘§\+__
EHN £
£ i
% J\\‘ﬂ
8

0 20 40 60 8 100
yi2 oo
Y2 The, moled —= Th;

Fig. 4. Tentative diagram of the system UC:-ThCs,

ref. 8).
¢

U2
uc,
Tic
v U-C~Ti [1000°C] T
Fig. 5. Phase diagram U-Ti-C at 1000 °C, ref. 10).
c
ue,
UzCs
uc ZC
us hva
U-C-Zr (1700°C)
Fig. 6. Phase diagram U-Zr-C at 1700 °C, ref. 11).

32 mole 9%, UC at 1800 °C, 28 mole 9%, UC at
2000 °C. Recently 14) has reinvestigated this
system and found 39 + 3 mole 9%, UC at 1700 °C,
32 + 2 mole % UC at 1900°C and 23 & 2

.mole 9, UC at 2000 °C.

AL
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Fig. 7. Melting points in UC-containing systems,
ref. 15),
2.1.8. U-HEG (fig. 8)

The miscibility gap in the system UC-HIC is
reduced with increasing temperature (fig. 8) 16).
At very high temperatures complete misci-
bility is assumed. Ref.l?) finds complete solu-
bility between UC and HfC at 2000 °C. Pos-
sibly 16) has not obtained complete equilibrium.

It can be assumed, however, that the critical

temperature of segregation lies near 2000 °C
in the quasibinary system UC-HfC.

c

U-C-Hf (1700°C)

Fig. 8. Phase diagram U-Hf-C at 1700 °C, ref. 11),

219. UV-C (fig. 9)
In flmn gection UC-V(

section there is sald to be
slight solubility on both sides 8).

thetical phase diagram is due to 19).
conditions of the existence of UVCy are not

yet known.

2.1.10. U-Nb-C (fg. 10)

UC and NbC are completely miscible 8).
Ref3) quotes sections at 1300 °C, 1700 °C
(fig. 10), and 2200 °C.

u-c-v

Fig. 9.
v U - C - Nb (1700°C) Nb

Fig. 10. Phase diagram U-Nb-C at 1700 °C, ref. 2).
1
u U-C-Ta({1700°C)

Fig. 11. Phase diagram U-Ta-C at 1700 °C, ref. 11).

2.1.11. U-Ta-C (fig. 11)

UC and TaC are completely m1s01ble 18),
The phase diagram of fig. 11 is due to 11).

2.1.12. U-Cr-C (fig. 12)

No solubility of Cr in UC was observed. A
ternary orthorhombic phase UCrC: (melting
point 1625 °C) exists 20) and another carbon-
rich phase ( x) is probable 21). Ref.18) observed
a transformation of the orthorhombic structure
during the melting of UCrCs in graphite. The
new structure is body centered tetragonal with
a=3.636 and ¢=15.739 A.
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U-c-cr
12. Phase diagram U-Cr-C, ref. 21),

2600

2300 \
N\

g

b}
8

B
=1
S

Temnperaturl°Cl

1100

uc 20 4

wt. »Cr

60 80

Cr

Quasibinary system UC-Cr, ref. ).

U-C-Mo(1500°C)

Phase diagram U-Mo-C at 1500 °C, ref. 3).

~.~\
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I sl

UC + Mo

|
i

20 [
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Quasibinary system UC-Mo, ref. 23).
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Fig. 16. Section of the diagram of the system
U-Mo-C, ref. 24),
c
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3000
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1400 Mot
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1000 % =5 1.‘0 1t
Cc 20
at.%C UpsMogs
Fig. 17. Quasibinary system Ujy.sMo¢.5-C, ref. 23),

2.1.13. U-Mo-C (fig. 14)

The system is determined by the ternary
phases UMoC; 20: 22) and UMoCi.73). Ref. 23)
gives various concentration sections (fig. 15 and
17). Accordingly 2), there is a homogeneous
transition UMoCz — UMoCi.7. Ref. 24) finds
that the orthorhombic phase UMoC; is separated

from the monoclinic phase UMoC;; by a
two-phase region (fig. 16).
2.1.14. U-W-C (fig. 18)

Refs. 3.2%) give temperature sections at
1500 °C. The equilibria are determined by a
ternary phase UWC; 20). The solubility of W
in UC is small 25, 26), it results in a slight
decrease of the lattice parameter (fig. 19).
According to 2) the section UC-W is similar
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to that of fig. 15 for UC-Mo and is characterized 2.1.17. U-Re-C (fig. 22)
by the equation 2UC+W=UWC;+liquid.
Ref. 27), however, mentions a eutectic system
(fig. 20) for the section UC-W and an increase in
the lattice parameter with solution of W in UC
(fig. 21). '

Ref.3) investigated the three-component sys-
tem giving a temperature section at 1500 °C
(fig. 22). There exists a ternary phase UReCs.

Re
-C-Reli500°C)URe;

Fig. 22. Phase diagram U-Re-C at 1500 °C, ref. 3).

U-C-W(1500°C)

2.1.18. U-Fe-C (fig. 23)
Fig. 18. Phase diagram U-W-C at 1500 °C, ref. 3 — .

€ & ) Ref.29) finds a eutectic system for the section
UC-Fe. In the three-component system 30)

496 1950%[ (fig. 23) exists a ternary phase UFeCs (table 1)

~ A which melts incongruently at 1615 °C.
494 ~—
— 492 Py 3
W [wt. %)
Fig. 19. Lattice parameter of the solid solution UUCz
26 2
(U, W)C, ref. 26). AN
3000 —>
25000 | oF— 5
2000 = u UoFe UFe; fe
150'13(: 20 40 60 80 w Fig. 23. Phase diagram U-Fe-C, ref. 30),
ot
Fig. 20. Quasibinary system UC-W, ref. 27). 2.1.19. U-Ru-C
The reaction behaviour is determined by a
438 ~ ternary phase, composition at U:RUCa. At
491 ,[ & higher Ru-content the following reaction occurs
48 S0 152025 UC+ 3Ru=URugCyp+ (1 —2)C 31). The value of
W fwt.o4] x in the three phase field UsRuCs+URusCx 4-C
Fig. 21. Lattice parameter of the solid solution is approximately one corresponding to the
(U, W)C, ref. 7). perovskite structure 32).
2.1.15. U-Mn-C 2:1.20. U-0s-C

There is a ternary compound iUMnCz 28); Ternary phase UsO0sCs 31).
(table 1).

2.1.21. 'U-OO-C

2.1.16. U-Te-C UC and Co are not in equilibrium in the
A ternary phase UTceCq exists 28). ternary system 33). Ternary phase UCoCz34).
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2.1.22. U-Rh-C

Ref28) finds the ternary phase UsRhC:
(table 1). With an excess of Rh the phase
URh;s is formed on the section UC-Rh 35),

2.1.23. U-Ir-C

A ternary phase UsIrCs exists 28), With an
excess of Ir the phase Ulr; is formed on the
section UC-Ir 35).

2.1.24. U-Ni-C (fig. 24)

Two ternary phases determine the equi-
libria 36): UNiC, (stable at 7' <1400 °C), UaNiCs
(stable at 7'< 1800 °C). The solubility of Ni
in UC is 1000 + 300 ppm, in UxCs it is
300 & 200 ppm at 1400 °C.

U

U -Ni~C {1000°C)

Fig. 24. Phase diagram U-Ni-C at 1000 °C, ref. 36).

2.1.25. U-Pt-C
Ternary phase UPtCs 31).

2.2. U-T;-Tp-C

2.21. U-Th-Zr-C (fig. 25)

Fig. 25 shows a section at the composition
of 50 at 9, C?2).

ZrC

“>ThC

Fig. 25. Solid solution range in the system UC-ThC-

ZrC at 2000 °C, ref. 2),

2.2.2. U-Zr-Hf-C (fig. 26)

At 2050 °C (fig. 31) there is still a small
miscibility gap in the concentration section
with 50 at 9, C which will probably be closed
at higher temperatures 16).

Accepting the- results of17) in the system
UC-HAC, one can conclude that the quasibinary
system UC-ZrC-HfC is completely miscible at
2000 °C.

UCZQ

Fig. 26. Solid solution range in the
HfC-(ZxC, NbC, TaC) at 2050 °C,

T- 20509C HfC

systems UC-
ref, 18), -

2.2.3. U-Zr-Nb-C (fig. 27)
The quasiternary system UC-ZrC-Nb(C shows
complete miscibility at 2050 °C 37).

it
ey
uc L2000 0 07

T=2050°C

/
/////////////
122

ZrC

Fig. 27. BSolid solution range in the systems UC-
ZrC-(NbC, TaC) at 2050 °C, ref. 37).

2.2.4. U-Zr-Ta-C (fig. 27)

Here also there is complete miscibility on
the monocarbide section at 2050 °C 37),

2.2.5. U-HENb-C (fig. 26)

Fig. 26 shows the monocarbide section with
a miscibility gap at 2050 °C 16),
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2.2.6. U-HfTa-C (fig. 26)
Fig. 26 shows the monocarbide section with
a miscibility gap at 2050 °C 16),

2.2.7. U-Nb-Ta-C
The monocarbide section shows complete

miscibility at 2050 °C 37).

2.2.8. TU-Cr-Fe-C

While Fe and Cr are stable in the solid state
along with UC, the solid solution Fe-Cr reacts
with UC 21).

2.3. Pu-T-C

2.3.1. Pu-Th-C

PuC and ThC are completely miscible 38),
PuCs can be dissolved in monoclinic ThCs up
to (Tho.ePuo.4)C2 39). Ref. 40) gives a quasibinary
section of the system ThC,-PuCs. The cubic
modifications are completely miscible.

2.3.2. Pu-Zr-C
Arc-molten samples in the section ZrC-PuC,

subsequently annealed at 1500 °C, give a
single-phase structure up to 24.8 9, PuC4).

2.3.3. Pu-Ta-C
In the system PuC-TaC only a limited

solubility could be detected so far 41).
2.3.4. Pu-Mo-C (fig. 28)
Ref40) found two ternary compounds:

PuMosCs, and PuMoCs (melting point 2150 °C)
transforming to the UMoC: structure above
1680 °C.

M
Mo

Fig. 28. Tie lines in the system Pu-Mo-C, ref. 40),

2.3.5. Pu-Fe-C (fig. 29)

In addition to PuFeC; (isomorphous to
UFeCy) there is still another ternary phase 7 30).

Pu

oy
Pu-C-Fe FuFe; ~

Fig. 29. Phase diagram Pu-Fe-C, ref. 30),

2.4, (U14Puy)-T-C; =0 to =1 (fig. 30)

2.4.1. (U1_oPuy)-Th-C

Ref.22) gives a section at 50 at 9% C in the
four-component system Th-U-Pu-C.

Pu~50 at’/aC

U-50at’C Th-50 at*/C

Th-U-Pu-C (50 at*AC) 1050°C

Quasiternary system ThC-UC-PuCat 1050°C
(at 50 at9,0), ref. 42),

Fig. 30.

2.4.2. (Ui—Pu,)-Ti-C; x=0.15 (fig. 31)

This section in the four-component system
at #=0.15 essentially agrees with the isothermal
section U-Ti-C9).

U P
08511015 (UgygPuged-C-Ti T1000°CT

Phase diagram (U-Pu)-Ti-C at 1000 °C,
ref. 8).

Fig. 31.
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2.4.3. (Ui Puy)-Zr-C

In the system U-Pu-Zr-C there is a broad
hemogeneous region of the mixed phase
(U, Pu, Zr)C4). Up to £=0.15 the sections in
the system U-Zr-C and (Ui—Pug)-Zr-C are
similar.

2.4.4. (Ui—zPuz)-Mo-C; 2=0.15

Also in this case, the equilibrium conditions
are changed only slightly relative to U-Mo-C.
Analogous to UMoC; and UMoCy.7 there are
the phases Uj—zPu,MoCs; and U, zPu,MoCi.7
according to 44).

2.4.5. (Uj=zPugy)-Fe-C
For details see 3%). (Ug oPug.1)C-Fe and
(Ug.7Pug.3)C-Fe are eutectic systems.

3. U-Pu-X-C

X =metals or non-metals of the B-groups.

T' ?:_Xj ST T T T T T T

Al

3.

)

@

3.1.1. U-Cu-C

UC-Cu forms a eutectic system (eutectic at
95 wt 9, Cu) 33).

3.1.2. U-Au-C
UC+3. Au form UAuz+C at 1000 °C %),

3.1.3. UZn{

At temperatures below 725°C, UC reacts
with Zn forming UZng 5. At higher temperatures
UC is in equilibrium with Zn 45). There exists
a zine-rich ternary carbide with ¢=12.71 A 32),

3.1.4. U-B-C (fig. 32)

The equilibria in the ternary system are
determined by the UBC ternary-phase 46).

3.1.5. U-AIL-C

There is no quasibinary equilibrium UC-AL
Two ternary carbides were found as UAl5Cy
and UgAlsCs 47).

UB, UB, UB, 5
U-B-C (850°C-1300°C}
Fig. 32. Phase diagram U-B-C (850-1300 °C), ref. 4).

3.1.6. U-Si-C (fig. 33)

The system contains the ternary phases
UsSizCs (decomposes at 1750 °C) and UseSizsCs
{decomposes at 1600 °C) (table 1) #8). Only the
UsSiz phase has a homogeneous region in the
three-component system.

U, Gy
uc sic
U;C,Si,
LeoSeSh
U Ua UsSLUS —— Si
.y S, Ui Usi, Usi,
u,si;
u-si-c
Fig. 33. Phase diagram U-8i-C, ref. 48),
3.1.7. U-N-C

Not treated in this paper; see ref.l),

3.1.8. U-P-C

UP is practically insoluble in UC, whereas
UP dissolves about 5 mole 9%, UC at 1600 °C 49),
fig. 34.

3.1.9. U-As-C

At 1800 °C there is no solubility between the
isomorphous compounds UC and UAs 30), fig. 34.

3.1.10. U-0-C
Not treated in this paper; see ref.l).
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0 20 4 60 80 100

(3] 13000 (&)
w961 UC p---8002C ] uB"

uc 2 UN 4898

20 -1600° C
uc | _L.;;;::—_:z—;i___ Luo”

uc _-_8.09:1199_"9____:.__ usi

UC B0 o US 5485

uc p---B2C . = UP 53589
w61 UC 0020 ] UAs 5779

0 20 40 60 80 100
mole % UX
== miscible

~--- not miscible

Fig. 34. Solid solution range in the quasibinary
systems UC-UX (X=B, N, O, 8i, P, 8, As).

w
[

U-S-C

1
Ref.51) investigated the quasibinary system

1.
£ 51

3.2.3. Pu-O-C (fig. 36)

PuC dissolves about 78 at 9%, of “Pu0” 53).

For details, ref.l).

4965
~ 1
o~ ---=0,sat.
\\\ \
Y
Y
4845 ~
R B
\\\
4925
\\
N

4905

25 50 75 100
uc PuN [mote®] —= N

Fig. 36. Lattice parameter in the systems UC-PuN,
and U(C, 0)-Pu (N, O) (dashed line), ref. 33).

33.  (Up_oPuy)-X-C

3.3.1. (U]—xPux)‘N—C

UC-UN, PuC-PuN, and UC-PuN are completely
miscible 53), i.e. the monocarbide and -nitride

UC-US. At 2300 °C, UC dissolves about 6 mole %,
of US and US about 30 mole 9% of UC, fig. 34.

3.2. Pu-X-C

3.2.1. Pu-Si-C (fg. 35)

Ref.40) found no ternary compound. The tie
lines are given in fig. 35.

c
Pu,C,
7 SiC
Pu Busl  PSi; Si
Pu,Sis
Fig. 35. Tie lines in the system Pu-Si-C, ref. 40).
3.2.2. Pu-NC

PuC and PuN are completely mniiscible 52).
For details see ref.t).

miscible throughout the four-component system.

3.3.2.  (Up_Pu,)-0-C

Ref54) gives the values of the lattice para-
meters for the mixed phase (Up.g5Pu0.15)C1-204
which indicate a solubility of about 50 mole %,
(Uo.85P110.15)0 in (Up.gsPuo.15)C (fig. 37).

4960 AN
AN
AN
A AN
N\,
N
N,
4955 S
\\
\\
4950
02&30460.50.607080.91.0
tu, aP%»QQx
Fig. 37. Lattice parameter of the solid solution

(Uo.85P10.15)€1-202, ref. 54),

3.4. U-X;:-X-C

seetion, resp.-—will --be —probably.- completely. .. -«
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3.4.1. U-N-O-C (fig. 38)
Ref53) indicates the solubility behaviour of
the carboxynitrides.

Fig. 38. The range of solid solutions of U(C, N, O)
and Pu(C, N, O), ref. 93).
3.5. Pu-X;-X,-C
351, Pu-N-O-C (fig. 38)

Fig. 38 shows the carboxynitride mixed
crystal range 93).

3.6. Ul_zPux-Xl-Xz—C

T 861 Up.Pu N-OC (g 39)
The observed phases in the quasibinary
system are given %) in fig. 39 for x=0.1.

MO

M=(Ugg Pyqp

+M(Ox Cy N,
MO;‘\\

~
/eM(Oy CyNy) >~ _

MC

Fig. 39. Phases observed in the quasibinary section

MC-MN-MO (M ="Uo.9Pw.g), ref. 55).

4, Multi-component phases in the systems
U-Pu-T-C and U-Pu-X-C

Table 1 lists the known complex carbides
containing wuranium and plutonium, resp.,
which can be classified into three groups:

1. The double carbides of uranium and
plutonium, resp., with the transition metals
of the sixth and seventh groups which are
obviously isotype;

2. The isotype double carbides with the iron
metals Fe, Co and Ni;

3. The isotype complex carbides with the
platinum metals.

Moreover the existence of the so-called
carbon-stabilized phases, in particular carbides
of the perovskite type are probable. In the case
of URus the inclusion of octahedral voids with
carbon up to a composition of approximately
URusC could be proved 32). This stoichiometry
corresponds to the perovskite structure. Further
phases, URh,gkx and UIrsCl_x or PuglnC;
and PugGaCi—g, e.g., can be assumed.

B. Thermodynamic data '

The free enthalpies of formation of ternary
carbides have not yet been measured directly.
However, if a ternary compound exists and
the phase diagram of the system is well known,
it is possible to calculate the upper and lower
limits of the free enthalpy of formation of the

ternary carbide, —using the tie—Jines—of the —

quasibinary equilibria and the free enthalpies
of formation of the boundary phases listed in
table 3. The values for the free enthalpies of
formation of ternary uranium and plutonium
carbides, resp., have been calculated where
suitable phase diagrams were available. The
limits are given in table 4 for room temperature
and 1800 °K.

In the case of complete miscibility between
two binary carbides with no ternary compounds
ocecurring, the stability of the solid solution was
calculated in 18) from the course of the tie
lines in two phase fields of quasiternary sys-
tems. The free enthalpies of mixing and the
excess functions are listed in table 2.

2.1.3.*% U-Gd-C

The change in the free enthalpy of mixing
in transforming from tetragonal to cubic
(U, Gd)Cy solid solutions is

t  The thermodynamic symbols are explained in

the appendix.
* The numbers correspond to those in part A.
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TABLE 1
Ternary uranium carbides and plutonium carbides.
. Lattice parameter (4)
System Carbide Structure Ref.
a b c
[ UVGCe — — 19)
UCrCe orthorh. 5.42 3.22 10.61 20)
UMoCe orthorh. 5.625 3.249 10.980 20, 22)
UMoCh.7 monocl. 5.626 3.238 {11.661 24)
B=109°
TWCs orthorh. 5.6286 3.2514 10.9740 20, 28)
| Uo.ssPug.1sMoCs orthorh. — 14)
i Uo.ssPug.15MoCy 7 monoel. — 44)
| PuMoCs {T > 1680 °C - 1)
orthorh.
PusMosCs — — 40)
UMnC, orthorh. 5.04 3.172 10.74 28)
UTecC» orthorh. 5.4 3.22 10.9 28)
U-Pu-T-C UReCy orthorh. 5.489 3.2229 10.7416 3)
UFeCe tetr, 4.942 7.381 34)
TUCoCs tetr. 4,944 7.316 34)
UNiCq tetr. 4.961 7.346 34)
UaNiCs — —_ 36)
UsRuCe tetr. 3.45 12.52 81y
* Ug0sCs tetr. 3.46 12.59 a1
B U:RhCs betr. | 3.466 e 12512 A
UslrC, tetr. 3.4790 12.4780 28)
UsPtCe tetr. 3.52 12.54 31)
PuFeCs tetr. — 30y
n(Pu-Fe-C) cubic 10.10 30)
} UBC orthorh. 3.591 11.95 3.372 46)
I UAlsCs — — 47)
U-Pu-X-C UzAlsCs — — 47)
U3SiaCs orthorh. 3.598 3.535 18.964 48)
Usz0S116Cs — — as)

*  Tp0sC; has a homogeneous region with an orthorhombic cell for all other compositions than UsOsCs.

mAG(t — ¢)=
= —2(1—2)[5330 £ 960—(2.29 + 0.62)T']
cal/mole,

where z denotes the mole fraction of GdCs in

2.1.10. U-Nb-C (fig. 10)

2.1.11. U-Ta-C (fig. 11)
Refs.11: 16, 56) gpproximately calculated the

free enthalpies of mixing for regular solid
solutions of the type (U,Me)C which are

the solid solution $). The heat of transformation
from tetragonal to cubic GdCs at 1275 °C is
calculated to be TAH(GAC:)=(3070 + 440)
cal/mole.

2.1.7. U-Zr-C (fig. 6)

2.1.8. TU-HfC (fig. 8)

defined as
mAG ==AG + A = ayg-pec - (1 — ) +
+RT [z In z+(1—2)In(l —2)].

The excess function and the heat of mixing
are given by

BAG=mAH=qa-2-(1 —z).
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TasLe 2
Free enthalpies of mixing mAG of solid solutions (U, Me)C at 2323 °K.

Compound [ avc-mec[cal] | =AG[cal] 1 mAQ[cal] | Ref.
|
(Uo 5, Zro 5)C j 6000 +1500 | —1700 16, 56)
(Uo.s, Hfo.5)C | 9600 +2400 ; — 800 16, 56)
(Up.s5, Nbos)C | 6800 +1700 | —1500 16, 56)
(Uo.5, Tao.5)C } 8000 +2000 | —1200 | 1139
TABLE 3

Thermodynamic properties of carbides per mole MeCy.

c S9 tAHY 4G9 4G9
Compound | 1 | Ref. % Ref. | oal/mole) | FoF | (lccaljmole) | BoF | (leal/mole) | BeE-
|
ThC — — | 12.07 57 | —29.6 65) —29.0¢ — - ‘ -
ThC:.03 13.55 | 58) 16.37» 58) —20.7 65) —30.0 86) —33.8 , 66)
UC 12.11 | 59 14.28 59) —23.2 o) | —23.4 66) —25.5 | 66
1U.Cs 12.835 | 60 16470 | ) —24.5 68) | —24.6 66) ~26.4 j 66)
UC1.04 14.522 | 60y 16.33s | 60 —20.5 66) —21.2 66) —26.4 i 66)
PuCo.g7 | 12,03 | e 17.33 | o) | —10.2 66) —11.2 86) ~122 | o)
1PusCs - -~ 20.81 62) | —12.3 62) ~13.9 62) —17.6 | 65
PuCe—y - | = 22.5 81y | —13.5 81y | > 170 69) —170 l 69)
TiC 8.08 | ) 5.79 65) —44.1 65) | —43.3¢ - —39.3¢ | —
ZrCo.0s 9.016 | 63 7.927 | &) —417.0 ©) | —46.20 | — —42.2¢ | —
HfCo.o6 8.955 | 65) 9.431 | &) | —50.08 | 68 | ——gBGe | = | 433 & —
Ve = T | — —16.5 65) —16.1° | — — t —
VCo.ss 792 | &y | 6.6l ) —2d5p | 65) —24.0c | — —20.4c | —
18-NbsyC 7.59 | ) 7.66 | ) -23.3 ®) | —22.8¢ — —2050 | —
NbC 8.79 | ) 829 | ) | —33.6 65) | —33.1c — —3L7¢ | —
1TasC — — | 10.0 ) —24.9 6) —2470 |~ — ] -
TaC 8.764 | %) 10.1 6) | —384.1 65) —33.8° | — ! —384.0¢ |-
1CrsCs 7.84 | ) 6.81 &y | — 5.5 65) 56 | — | — 6.9c | _—
£MosC — — 7.87 ) | — 5.5 65) — 5.4e I — | — 72 [ 70)
2-MoC - — - — | =30 65) — 300 | — | —88 | m
3a-WC — - - — i — 63 65) — §.4v [ — } - : -
x-WC | g.620 a7 10.0® 57) [ — 9.67 | 65) —99¢ | — | — 804 | &)
1MnsC L Tas | ® 7.9 63) . — 1.20 | ) — 1.20° | — ‘ — 11 s
1FesC | 844 | 03 8.1 @) |+ 18 57) + Ldse | — 0 | s
1CosC - - 6 IR B S S D) + 8.0 | — | N
INisC J — — 8.5D | 57) ! 1 3.0 | 57) + 2.9¢ ] ~ | — ! —

2 randomization entropy not included; ® estimated; ¢ calculated with fAHggs, C, and ’5’298; 4 gt 1300 °K.

The quasiternary diagrams UC-HfC-MeC,
Me=Zr, Nb, Ta of 11, 16) which show a mis-
cibility gap at 2050 °C have been taken as a
basis for the evaluation of the free enthalpies
of mixing. The interaction parameters o were
determined 16) from the course of the tie lines
in the two phase fields and the position of the
plait points. Table 2 shows the result obtained
at 2323 °K for the solid solutions (U,Zr)C,

(UHI)C, (UND)C and (U,Ta)C with an equi-
molar composition. By this method the excess
functions become positive. It may be pointed
out again that, according to 17), Uc and HIC
are completely miscible at 2000 °C.

U-V-C

2.1.9. (fig. 9)

From the proposed phase diagram 19) it is
possible to calculate the upper.and lower
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limits of the free enthalpy of formation of
UV(C: using the thermodynamic data of the
binary carbides.
With the following reactions
U+20VC=3UC+VoC,
UCy+VC =UV(C:+C,
we obtain:

SAGOUC) + HAG(V2C) <2AGO(UVCe) <
<AG(UCy) +1AG(VC),
— 51200 cal/mole <fAG095(UV(Ce) <
< —45200 cal/mole,
fAGolgoo(UVCZ) < — 46800 cal/mole.

From the phase diagram 21} we can infer that
the following reactions occur:
UsCs+Cr =UC+UCrCs,
U+30CrCy =4UC+CrsCe,
__and therefore

2.1.14. U-W-C (fig. 18)
With a similar calculation for UWC: we
obtain 56, 71);
U4+TUWC=2U0C+W,
UC,+WC=UWC(Cs+ C,

2 fAG(UC) <M AGHUWCs) < fAGO(UCs) +
+IAGYWC),
- 46800 cal/mole < fAG0%gs(UWC(Cs3) <
< —31100 cal/mole,
— 51000 cal/mole <<IAG%g50(UW(C2) <
< — 34400 cal/mole.

2.1.17. U-Re-C (fig. 22)
From the phase diagram 3) the following
reactions are available:

U +UReCe=2UC+ Re,
UsCs+ Re=UC+ UReCs,

2 1AGO(UC) < LAGO(UReCs) < 1AGY(UsCls) —

HAGOUC) + $1AG(Cr3Cs) < 1AGY(UCrCs) <
<*AGO(U,Cs) —tAGYUC),
— 36800 cal/mole <f4G% (UCrCs) <
< — 25800 cal/mole,
— 40900 cal/mole <?AG,,(UCrCz) <
< — 27300 cal/mole.

2.1.13. U-Mo-C (fig. 14)

Neglecting solubility effects in the U-rich
region, the upper and lower limits of the free
enthalpy of formation of UMoCz were fixed with
the aid of the following reactions 36, 71):

U+ UMoCy=2UC+ Mo,
UC +MozC =TUMoCz +Mo.
This leads to the inequalities:
2tAG(UC) < IAQY(UMoCs) < 1AGYUC) +
+2AGO(Mo20).
— 46800 cal/mole <*fAG (UMoCs) <
< — 34600 cal/mole,
— 51000 cal/mole < £4G0%goo(UMoCs) <
< — 39900 cal/mole.

—1A4G%(UC),
— 46800 cal/mole <AG%g5(UReCs) <
< —25800 cal/mole,
— 51000 cal/mole <TAGYg50(UReCs) <
< —27300 cal/mole.

2.1.18. U-Fe-C (fig. 23)

Based on the phase diagram 30) the limits of
the free enthalpy of formation of UFeCy can
be stated to be:

U+ UFeCy=2UC+ Fe,
UsCs+Fe=UC+ UFeCy,
2 1AQ(UC) <t 4G%(UFeCs) < fAGO(UsCs) —
—IAGYUC),
— 46800 cal/mole <14G0%gs(UFeCs) <
< — 25800 cal/mole,
—51000 cal/mole <tAG%g90(UFeCs) <
< — 27300 cal/mole.

2.1.24. U-Ni-C (fig. 24)
The upper limit of the free enthalpy of
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formation of the two existing phases 36) was
estimated by the equations:

UC; + Ni=UNiCs,
FAGO(UNICy) < tAGY(UCy),
£A@0995(UNiCs) < — 21200 cal/mole,

£A@0500( UNiCs) << — 26400 cal/mole;
UzCs+Ni=U,NiCs,

EAGO(UzNiCs) < tAG(U2Cs)
fAG095(UaNiC3) << — 49200 cal/mole,
fAG"moo(UgNiCa) < — 52800 cal/mole.

2.3.4. Pu-Mo-C (fig. 28)

From the phase diagram 40) only the upper
limit of the free enthalpy of formation of
PuMoC; can be calculated. Since

PusCs -+ MooC =2 PuMoCs,

it follows: e

LAGO(PuMoCs) < 1 IAGO(PusCs) + & IAG(MooC),
EAGO295(PuMoCs) < — 19300 cal/mole,
14G0%g00(PuMoCs) < — 24800 cal/mole.

2.3.5. Pu-Fe-C (fig. 29)

Because of the existence of a second (%)
phase only the lower limit of the free enthalpy
of formation of PuFeC; can be given from the
phase diagram 30). Since

6PuFeCs+ 5Pu=4PusCs + 3PuFe2
and

fAGO95(PuFez) = — 3700 cal/mole 72),

2 tAGO(PusCs) + § 1AGYPuFes) <!AGO(PuFeCsy),
EAG0995(PuFeCy) > — 20300 cal/mole.

3.1.4.

The following reactions can be used to
determine the limits of the free enthalpy of
formation of UBC from the phase diagram 46):

UB-C (fig. 32)

U +2UBC= 2UC + UB,,
3UC,+UB, = 4UBC - 20,
AGO(UC) + 4 14G9(UBs) < tAGYUBC) <
<2 1AGYUCs) + L 14GY(UB).

With the free enthalpies of formation 68) of
UB; and UB4y:

14G0395(UB2)= — 35600 cal/mole
and

1AGP95(UB4) = — 58500 cal/mole
we get:
— 41200 cal/mole < £4GF0%4sUBC) <

< —30500 cal/mole.

3.1.6. U-Si-C (fig. 33)
From the phase diagram 48) the following
reactions are suitable for estimating the free

enthalpy of formation of the ternary compound
UsSizCs: -

_ BUsSi5C3 4 6U = 1500+ 2UaSis; -
U2CS + USig = U3S1‘203,

3 1AGO(UC) + 2 1AGO(UsSis) < 1AGO(UsSieCls) <
<tAG(UzCs) +4G(USiy).

With the free enthalpies of formation for
the U-Si-compounds 72):

fAG0995(UsSis) = — 83700 cal/mole,

fAG°1773(U3Si5) = —70250 cal/mole,

£AG0994(USip) = — 30600 cal/mole,

fAG01273(USi2) = — 25300 cal/mole
we obtain:

— 103700 cal/mo,e.< fAGO‘ggs(U:;SizCs) <<
< — 79800 cal/mole,

— 104600 cal/mole< fAGO;[so()(U?,Si203) <

< — 78100 cal/mole. .

3.1.7. U-N-C

UC and UN form a continuous series of solid
solutions 7). The stable composition rangé is
dependent on temperature and nitrogen pres-
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sure. Assuming a regular behaviour of the
mixed crystal UC;—,Ng, it was proposed by 74)
to determine the free enthalpy of formation
of UC1-Ny,

INQ(UC; ;N> =2 LAGO(UN> +
+ (1 —z) AGUCY + RT [ In z+-
+(1—a) In (1—2)]+ 6 Wa(l—a),
from the equilibrium
[UClvc, _x,+3(N2)=[UNT]vc, _,x,+<C.
This leads to the thermochemical equation
1 RT In p(N2) =t4GCUN> —
—4G°UCY + RT In {x/(1 —z)}-- 6 W (1 —2x).
The interaction parameter a=6W of the
excess function #4G=6Wx(l—x) was recal-
culated with the experimental results of %) who
measured the pressure dependence on compo-
sition at various temperatures and determined

the composition of the solid solution by
chemical analysis. Taking the free enthalpies

-24000
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Fig. 40. Free enthalpy of formation for the solid
solution UC1—xNx at various temperatures. (a): ideal
solution fAGH(UC;;N,>=

=z I AGQCUND + (1 —2)f- AGO(UC) +-mAG14
(b):-regular solution1A4GreUCNz>= ———— -

of formation for UC from 66) and for UN
from 98), an approximate value of a= — (3600
4 1800) cal/mole results. A dependence on
composition and temperature of the interaction
parameter cannot be shown with the results
of %) because W is calculated from a difference
of three terms of the same order and the error
in thermochemical data of UN and UC increases
at higher temperatures.

In fig. 40 the free enthalpy of formation of
the ideal (a) and regular (b) solid solution is
plotted vs concentration. It passes a minimum
which shifts to the UC-rich region with in-
creasing temperatures.

Other topics of the system U-N-C will be
dealt with in 1).

3.1.10. U-0-C

The system U-0-C is treated in detail in1).
Ref."?) reports an upper limit of solubility of
25 mole % UO in UC, refs.55 %) quote 35
mole 9,, whereas refs.’8-80) find approximately
80 mole 9%. Provided that the solubility of
80 mole 9%, UO in UC is valid, ref.?8) determined
the excess free enthalpy of mixing of the solid

=2 TAGUN -+ (1 — ) -LAGUC) -mAGH |75 AG.

solution UC;_;0; from electromotive force
measurements. However, it seems to be probable
that the limit of solubility of UO in UC is
about 35 mole 9.

4. Free enthalpies of multi-component phases
in systems U-Pu-T-C and U-Pu-X-C
The lower and upper limits of the free
enthalpies of formation for ternary carbides
are compiled in table 4. The intervals would be
reduced for some carbides by completion of
the phase diagrams and by better knowledge

of thermodynamic data for the intermetallic

compounds.

Concluding remarks

It can be assumed, as has been shown for
various cases in section A, that a mixed crystal
phase (Ur»Puz)C (0<2<0.2) plays a similar
role with respect to the constitution in multi-
component systems as does pure UC. In
addition, many results of multi-component
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TaBLE 4

Free enthalpies of formation of ternary uranium and plutonium c.:arbides.

A Gggg [cal/mole} A Ggsoo [cal/mole]

Compound  |———— | - - e
lower hrmt | upper limit lower limit ‘ upper limit
\

UVC, ~-51200 | —45200 — — 46800
UCrCs — 36800 — 25800 —40900 —27300
UMoCz — 46800 — 34600 —51000 — 398900
UWCs — 46800 —31100 — 51000 — 34400
UReC2 — 46800 —25800 — 51000 — 27300
UFeCq —46800 — 25800 51000 -—27300
UNiC; — — 21200 - — 26400
UaNiCs — — 49200 — — 52800
UBC —41200 — 30500 — —

UsSi:Cs — 103700 — 79800 — 104600 — 78100
PuMoCs — —19300 — -— 24800
PuFeCy —20300 — — —

is the free enthalpy of formation at the standard
state and the temperature specified;

systems containing uranium carbide will apply
to plutonium carbide bearing systems similarly.

In a number of cases it has been shown that
it is often difficult to harmonize the investiga-
tions by diuerert authors, especially in the

nffid— _T.mA8d= RT (x; In 21+ a2 In )

is the free enthalpy of "anng for an ideal
solution;

- — - —field-of constitution. This is Trequently due to
the fact that the reaction rates in high-melting
carbide systems are very low and an equilibrium
state has not yet been reached or that low
oxygen or nitrogen contents change the equili-
brium conditions. Uncertainties of this kind
naturally influence the estimation of thermo-
dynamic data.

Moreover, it can be seen that the estimated
limits of the free enthalpies for the ternary
compounds shift to more negative values with
rising temperature due to the increasing
stability of the binary uranium and plutonium References
carbides, resp. 1)

Provided the phase diagrams of ternary
uranium and plutonium carbides are similar,
it can be inferred from the thermochemical
data of “PuC” and PusCs that the ternary ?) ‘07 Ef ??éozeind '11‘95?3( Ba(izlgva’ Proc. 224 UN
plutonium carbides are less stable than the V&?.néhubb eanda],). L. )KI;iIer, BMT 1685 (1964)

WAQ =XAG + mAGa

is the free enthalpy of mixing for a regular

solution;

x/]G is the excess free enthalpy of mixing for
a regular or real solution;

mAH is the enthalpy of mixing (equal to *AG
for a regular solution);

TvAH is the enthalpy of transformation.

Report of the Panel on Thermodynamics of
Uranium-Carbon and Plutonium-Carbon Systems
(IAEA, Vienna, September 1968) Technics
Report Series to be published in 1969

corresponding uranium phases. 4) P. Stecher, A. Neckel, F. Benesovsky and H.
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QUANTITIES

TAGS, =1 AHY —T 2485
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