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CONSTITUTION OF PLUTONIUM ALLOYS

F. H. Ellinger

W. N. Miner

D. R. O’Boyle*

F. W. Schonfeld

INTRODUCTION

This report summarizes the information that
was available to the authors prior to July 1967
pertaining to the phase relationships and crystal
structures of the intermediate phases in 75 binary
and 17 ternary, or higher, alloy systems of plu-
tonium with other elements. The alloy systems
are presented in alphabetical order according to
the chemical symbols of the nonplutonium ele-
ments.

The information given here is mainly in the
form of constitutional diagrams and crystal struc-
ture tables. Only brief descriptions accompany the
diagrams. In general, these descriptions are in-
tended to document information sources, point out
any significant differences that may exist between
different versions of the diagrams, and clarify
certain details of the phase relationships that are
known but may not be readily apparent from the
diagrams. Many of the diagrams are composites
based on the results of more than one group of in-
vestigators.

All the binary systems have been drawn

with plutonium as the base. i.e.. at the left, and
compositions are given in atomic per cent (at.%).
Standard nomenclature has been retained for the
terminal phases; Greek letters are used to desig-
nate intermediate phases in order of increasing
content of the nonplutonium alloying elements.

Although a considerable volume of informs-
tion on at least 50 ternary and higher alloy sys-
tems with plutonium, exclusive of any systems in-
volving the metalloids and gases, has been reported
in the literature, most of that work relates to the
results of engineering test studies (corrosion and
thermal expansion data. for example) and is in-
appropriate for inclusion in this report on the con-
stitution of plutonium alloys. The smaller amount
of work that sheds light on the phase relationships
in these ternary and higher systems follows the
section on binary systems.

Information about the allotropic modifica-
tions of plutonium. which may be helpful to the
reader in understanding and using the equilibrium
diagrams in this report. is summarized in Table I.

“Argonne National Laboratory, Argonne, Illinois



TABLE I. CRYSTAL STRUCTURES AND TRANSFORMATION TEMPERATURES OF THE
PLUTONIUM ALLOTROPES’

Allotrope Temperature range Space lattice Unit cell Atoms X-ray
of stability, ‘C and dimensions, per density.

space group A unit cell g/cm8

o! below + 115 primitive
monoclinic (21 ‘c) 16 19,86
P2/m — 6.183

; ~ 4.822
C = 10.963

/3 = 101.79°
-.

B +115-+200 body-centered
monoclinic (190”C) 34 17.70
12/m a= 9.284

b = 10.463
c= 7.859

P = 92.13°

Y -200-310 face-centered
orthorhombic (235°c) 8 17.14
Fddd — 3.159

i ~ 5.768
C = 10.162

.—

8 310-458 face-centered
cubic (320°c) 4 15.92
Fm3m a= 4.6371

8’ 458-480 body-centered
tetragonal (465°c) 2 16,00
14/rnmm a= 3.34

Cz 4.44

8 480-641 body-centered
cubic (490°c) 2 16.51
Im3m a= 3.6361

* From W. H. Zachariasen and F. H. Ellinger, A eta Cryst., 16: 780 (1963); ibid. p. 369; W. H.
Zachariasen and F. H. Ellinger, Acts C1-yst., 8: 1431 (1955); and F. H. Ellinger. Trans Met. SOC.
AIME, 206:1256 (1956).



BINARY SYSTEMS
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Pu-Ag ❑ [2]
Plutonium-Silver

Early work by [1] revealed the existence of
immiscible liquids and at least one intermediate
phase in this system. That work has been verified
and extended by [2], who have published the
diagram shown in Fig. 1. Crystal structure data in
Table II for PuAg, have been determined by [3]. [3]

[1] E. M. Cramer, Los Alamos Scientific Labo-
ratory, unpublished work.
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and T. S. Menshikova, “Phase Diagrams of
Plutonium with the Metals of Groups IIA.
IVA, VIIIA and I’B,” in Plutonium 1965.
A. E. Kay and M. B. Waldron (Eds. ). pp.
429-430, 446, Chapman and Hall, London
(1967).

O. J. C. Runnalls, “The Crystal Structures
of Some Interrnetallic Compounds of Plu-
tonium.” Can. J. Chem.~ 34: 133-145
(1956).
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Fig. 1. Plutonium-silver phase diagram. (Redrawn from Ref. 2.)
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TABLE II. CRYSTAL STRUCTURE DATA FOR PLUTONIUM-SILVER ALLOYS

Phase Structure Symmetry Space Unit cell dimensions, A
type group

a bc

Formula X-ray Ref.
units per density,
unit cell g/cm8

PuAg, hexagonal P6,, 12,730 9.402 16 11.33 [3]
P6,/m,
or

P6,22

4
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Pu-AI ❑
Plutonium-Aluminum

The phase diagram shown in Fig. 2 is based
on the thermal, micros tructural, and x-ray data
of [1], [2], [3], [4], and [5]. Most of the
solid-state phase relationships were identified by
[1] and [2], but they did not obtain data ade-
quate to locate the solidus and liquidus bounda-
ries accurately. The results reported by [3] are
in agreement with the diagram shown here, with
five exceptions: (1) eutectoid decomposition of 8
at 175 “C; (2) temperatures of 530 and # 540”C,
respectively, for the PuA1 and Pu~Al peritectoid
horizontals; (3) a eutectic temperature of 635 “C;
(4) some indicated volubility of Al in they and P
phases; and (5) absence of phase transformations
in PuAl~ and PuAl,. The high-pressure work of
[6] supports the conclusion that 8 does not de-
compose eutectoidally, and the results of [7]
show that less than 0.25 at.’~ Al is soluble in IS’.
[8] has suggested that the solid volubility of Pu
in AI is approximately 0.26 wt~o (0.03 at. ~. ) at
600”C, whereas [9] has reported a maximum
volubility of 0.05 wt~o (0.0056 at. ~o) at 650”C.
[10] have confirmed the result of [9]. In phase
equilibria studies, [5] has observed a phase
transformation in PuAL and several polymorphic
transformations in PuAIS, and has provided
crystallographic data. [11], [12], [13], and
[14] have also provided crystallographic data on
the intermediate compounds (see Table III).

[1]

[2]

[3]

[4]

R. D. Moeller and F. W. Schonfeld, “Alloys
of Plutonium with Aluminum,” USAEC Re-
port LA-1 000. Los Alamos Scientific Labora-
tory (Feb. 13, 1950).

M. B. Waldron, J. Garstone, J. A. Lee, P.
G. Mardon, J. A. C. Marples, D. M. Poole.
and G. K. Williamson, “The Physical
Metallurgy of Plutonium,” Proceedings o}
the Second United Nations International
Conference on the Peaceful Uses of Atomic
Energy, Geneva, 1958, Vol. 6. p. 162, United
Nations, Geneva (1958).

A. A. Bochvar, S. T. Konobeevsky, V. I.
Kutaitsev, T. S. Menshikova, and N. T.
Chebotarev, “Interaction Between Plutoni-
um and Other Metals in Connection with
Their Arrangement in Mendeleev’s Peri-
odic table.” Ibid., p. 184.

l?. H. Ellinger. C. C. Land, and W. N.
Miner. “The Volubility Limits of Alumi-
num in Delta Plutonium and Some Revisions

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

of the Plutonium-Aluminum Phase Dia-
gram,” J. Nucl. Mater., 5(2): 165-179
(1962) .

0. J. C. Runnalls, “Phase Equilibria Studies
on the Aluminum-Plutonium System,” in
Plutonium 1965, A. E. Kay and M. B.
Waklron (Eds. ), pp. 341-357, Chapman and
Hall, London (1967).

R. O. Elliott and K. A. Gschneidner. Jr.,
“Behavior of Some Delta-Stabilized Plutoni-
um Alloys at High Pressures,” in Extractive
and Physical Metallurgy of Plutonium and
Its Alloys, W. D. Wilkinson (Ed.), pp. 243-
262, Interscience Publishers. New York
(1960).

R. O. Elliott and A. C. Larson, “Delta-
Prime Plutonium,” Chap. XXIV in The
Metal Plutonium, A. S. Co ffinberry and
W. N. Miner (Eds.), pp. 265-280, The Uni-
versity of Chicago Press, Chicago (1961).

A. E. Hall, “Plutonium-Aluminum Solid
Volubility and Diffusion Studies.” Nucl. Sci.
Engr., 8(4): 283-288 (1959).

p. R. Roy, “Determination of a-Aluminum
Solid Volubility Limits in the Aluminum-
Uranium and Aluminum-Plutonium Sys-
tems,” .7. NUCL Mater., 11(1): 59-66
(1964) .

D. Calais, M. Dupuy, M. Mouchnino, A. Y.
Portnoff, and A. Van Craeynest, “Diffusion
of Plutonium in the Solid State,” in Pluto-
nium 1965, A. E. Kay and M. B. Waldron
(Eds.), p. 386. Chapman and Hall, London
(1967).

O. J. C. Runnalls, “The Crystal Structures
of Some Intermetallic Compounds of Pluto-
nium,” Can. 1. Chem., 34: 133-145 (1956).

F. H. Ellinger, “A Review of the Inter-
metallic Compounds of Plutonium.” Chap.
XXV in The Metal Plutonium, A. S. Coffin-
berry and W. N. Miner (Eds.), pp. 284-286.
The University of Chicago Press, Chicago
(1961).

J. Singer, Los Alamos Scientific Laboratory.
unpublished data.

A. C. Larson, D. T. Cromer, and C. K.
Stambaugh, “The Crystal Structure of
PuAl,,” Acts Cryst., 10: 443-446 (1957).
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TABLE HI. CRYSTAL STRUCTURE DATA FOR PLUTONIUM-ALUMINUM ALLOYS
—

Phase Structure Symmetry Space Unit cell dimensions, A Formula X-ray Ref.

type group units per density,
a b c unit cell #cms

Pu,A1 SrPb, tetragonal P4/mmm 4.499 4.536 1 13.45 [3]

c 4.499 4.538 13.45 [12]
cubic 4.500 [4]

PuAl cubic I . . . . 10.76 29 10.25 [3]

7 10.769 10.253 [4]

PuAl, Cu,Mg cubic Fd3m 7.831 8 8.09 [11]

9 7.840 (Pu-rich) [3]
7.836 (Al-rich) 13]
7,874 [4]
7.838 (Pu-rich) 8.06 [12]
7.848 (Al-rich) [12]
7.833 8,095 [5]

PuAls PUA.L hexagonal P6@nnc 6.08 14.40 [11]
1 6.084 14.427 6 6.8 [3]

6.10 14.47 [14]
cubic (3H) Pm3m 4.2%2 6,604 [5]
hexagonal P6@mc 6.083 14.410 6.643 [5]
(6H)
rhombohedral R~m 7.879;a = 45.94° 6.657 [5]
(9Hfi)
rhombohedral R~m 7.901;a = 46.81° 6.634 [5]
(9Ha)

—.

PuA14 uA14 orthorhombic Imma 4.42 6.26 13.66 [11]
K 4.387 6.262 13.714 4 6.02-

6.11 [3]
4.41 6.29 13.79 [13]

a-PuA14 orthorhombic Imma 4.396 6.266 13.708 5.680 [5]
@?uA1. orthorhombic Imma 4.396 6.266 13.708 5.680 [5]
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Pu-Am ❑
Plutonium-Americium elude the possibility of an ordering reaction in the

8 phase, which they could not have detected be-
The phase diagram shown in Fig. 3 was con- cause of the nearly equal scattering factors of the

strutted by [1] from microstructural and x-ray two components.
data. The phase boundaries for the Am-rich por-
tion of the diagram are only approximated, be- [1] F. H. Ellinger, K. A. Johnson, and V. O.
cause few such alloys were available. Although no Struebing, “The Plutonium-Americium Sys-
intermediate phases were observed, [1] do not ex- tem,” 1. Nucl. Mater., 20(1): 83-86 (1966).
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Fig. 3. Plutonium-americium phase diagram. (Redrawn from Ref. 1.)
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Pu-As ❑
Plutonium-Arsenic

One compound in this system, PuAs, has
been prepared by [1] through induction melting
of the components in vacuum and in helium, and

was found to decompose at about 2000”C. At-
tempts by [1] to prepare other compounds were
unsuccessful, but [2] have reported that several
additional compounds may exist. Crystal structure
data for PUAS are given in Table IV.

[f] A E. Gorum, “The Crystal Structures of
PuAs, PuTe, PuP, and PuOSe,” Acts Cryst.,
10:144 (1957).

[2] W. M. Pardue, V. W. Storhok, R. A. Smith,
and D. L. Keller, “An Evaluation of Plu-
tonium Compounds as Nuclear Fuels,
USAEC Report BMI- 1968, Battelle Me-
morial Institute (flct. 29, 1964).

TABLE IV. CRYSTAL STRUCTURE DATA FOR PLUTONIUM-ARSENIC ALLOYS

Phase Structure Symmetry Space Unit cell dimensions, A Formula X-ray Ref.
type group units per density,

a b c unit cell g/cm3

PUAS NaCl cubic Fm3m 5.855 4 10.39 [1]
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Pu-Au ❑
Plutonium-Gold

Phase diagrams for this system have been
published by [i] and [2]. That by [1] is con-
sidered to be preliminary and is based on thermal,
dilatometric, microstructural, x-ray, and electron
microprobe data. The diagram of [2] is based on
thermal, dilatometric, microstructural, and x ray
data. In addition, preliminary results of thermal
analysis, metallography, and electron microprobe
analysis have been reported by [3]. The results
of these investigators are in fair agreement as to
such general characteristics of the system as low
terminal solid solubilities, a multiplicity of inter-
mediate phases, an Au-rich eutectic, and a maxi-
mum liquidus temperature at about 75 at.’~ Au,
but differ considerably in detail. [4] estimated
that the most Pu-rich phase contains more than
50 at.% Au, but [5], as well as [2] and
[3]. has concluded that this phase is PuAu, and
[1] have found evidence of a phase containing
about 65 at. ”~ Pu. [2] observed the melting
point of Pu to be lowered to 635 “C by the addition
of Au, but [1] and [3] found it to be increased
to 652”C, and [6] found the solidus temperature
in 5- and 10-at. ~. -Au alloys to be about 650°C.
[1] found eight intermediate phases in the sys-
tem (see Table V), while [2] and [3] have
identified five. [1] suggest that PUAU and
PuAu, melt congruently, but [2] report that
these phases are formed by peritectic reactions.
The lattice spacing measurements of [7]. made
on the Au phase in Au-rich alloys homogenized
at 600”C, indicate that the volubility of Pu in Au
at that temperature is negligibly small. The dia-

gram shown in Fig. 4 is a
on the work of [1], [2],

composite based mainly
and [3]. The inset box

in the diagram outlines the xnajor area of disagree-

ment between [1] and [2].

[1] B. Hocheid, A. Tanon, S. Bedere, J. Despres,
S. Hay. and F. Miard, “Studies of the Binary
Systems Plutonium-Gold, Plutonium-Galli-
um and Plutonium-Indium,” in Plutonium
1965, A. E. Kay and M. B. Waldron (E&.),
pp. 321-330, Chapman and Hall, London
(1967).

[2] V. I. Kutaitsev, N. T. Chebotarev, 1. G.
Lebedev, M. A. Andrianov, V. N. Konev,
and T. S. Menshikova, “Phase Diagrams of
Plutonium with the Met& of Groups 11A,
IV& VIIIA and IB,” ibid., pp. 430-431,
447.

[3] J. E. Selle, “The Plutonium-Gold System,”
Ibid., p, 450.

[4] R. G. Cope, J. N. Lowe, and D. C. Miller,
“Studies of Alloys of Plutonium with Tran-
sition Elements ‘and Gold,”
AWRE 0-36/61 (1961).

[5] E. M. Cramer. Los Alamos
ratory, unpublished work.

[6] W. N. Miner, Los Alamos
ratory, unpublished work.

[7] F. H. Ellinger, Los Alamos
ratory, unpublished work.

UKAEA Report

Scientific Labo-

Scientific Labo-

Scientific Labo-

13



w

1600

400

200

R

L

1000
0<

/
0

d f

800 ,’
/

/

600 +a+~—
I

8+~400 ‘—

L+PuAu3

1170 I 1250
L+PUAU*\-L. .- - -&, ,PUAU2

/~~ “–k–’ J–-—— –- ~~A. _ ‘––~i4~- / / / / PuA’u3
-

=PuAu ~AF~ER [2]

/0- 1 I I I>

I II

++--44-
652 I

I

462 I
450 18’+ ~ I

--, , .,

70 80 90 1(
ATOM IC PERCENT GOLD

Fig.4. Plutonium-gold phase diagram.

TABLE V. CRYSTAL STRUCTURE DATA FOR PLUTONIUM-GOLD ALLOYS

Phase Structure Symmetry Space Unit cell dimensions, A Formula X-ray Ref.
type group units per density,

a b c unit cell g/cm8

q(?)

PUAU unknown
t
e(?)

PUAU, unknown
t

PuAu, hexagonal 12.710 9.210 16 17.11 [2]
A

PUAU4 unknown

P
PuAu, unknown
v
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Pu-B ❑
Plutonium-Boron

Several compounds are known in this system.
PuB,, PuB,, and PuB, have been reported by [1],
[2], and [3]; PuB,, and ‘ ‘PuBIOO” by [3]; and
PuB by [1]. However, [2] found no unequivocal
evidence for PuB and [3] did not observe it by
either x-ray or microstructural examinations. [2]
suggest that PuB4 and PuBe are not thermody-
namically stable at room temperature. The micro-
structural evidence of [3] indicates that PuB4
melts congruently; that PuB2, PuB8, PuBI1, and
“PuB,OO” melt peritectically; and that a eutectic
at a composition greater than 95 at. % B occurs
between PuB,, and “PuBIOO”. The melting points
of PuB4, PuB6, and PuB I* appear to be above

2150”C, according to [3]. [3] was unable to re-
produce the variation in lattice constant reported
by [1] and [2] for PuB,, and found that PuB,
formed at temperatures as high as 1750”C, in
contrast to [1 ]‘s observation that this phase
formed at 800”C but not at 1200”C. Crystal
structure data are given in Table VI.

[1] B. J. McDonald and W. 1. Stuart, “The
Crystal Structures of Some Plutonium
Borides,” Acts Cryst., 13(5): 447 (1960).

[2] R. E. Skavdahl, T. D. Chikalla, and C. E.
McNeilly, “Phase Relations in the Plutoni-
um-Boron System,” Am. Nucl. Sot. Trans.,
7:403-404 (1 964).

[3] H. A. Eick, “Plutonium Borides,” Inorg.
Chem., 4(8): 1237-1X9 (1965).

TABLE VI. CRYSTAL STRUCTURE DATA FOR PLUTONIUM-BORON ALLOYS
~
I

Phase Structure Symmetry Space Unit cell dimensions, A Formula X-ray Ref.
type group units per density,

a b c unit cell g/ems

PUB, MB, Hexagonal P6/mmm 3.1857 3.9485 1 13]
3.18 3.9 12,68 [1]

PuB, ThB, Primitive P4/mbm 7.1018 4.0028 4 [3]
tetragonal 7.10 4.014 9.27 [1]

PuB, CaB, Primitive Pm3m 4.1134 i 13]
cubic 4.115 to 4.140 [1]

4.112 to 4.140 7.26 [2]
to
7.11

PUB,, UB,, face-centered Fm3m 7.4843 4 [3]
cubic

I
“PUB,,,” cubic 23.43 [3]
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Pu-Ba ❑
Plutonium-Barium

[11, [21, and [3] have attempted to alloy
Pu with Ba. Sr, and Ca by direct melting of the
components. The results obtained suggest that
these elements are immiscible in both the liquid
and solid states. [4] state tha~ except for Be and
Mg, the alkaline-earth elements do not react with
Pu in the solid state.

[1] E. M. Cramer, Los Alamos Scientific Labo-
ratory, unpublished work.

[2] F. W. Schonfeld, “Plutonium Phase Dia-
grams Studied at Los Alamos,” Chap. XXII
in The Metal Plutonium, A. S. Co ffinberry

and W. N. Miner (Eds. ), p. 251, The Uni-
versity of Chicago Press, Chicago (1961).

[3] V. O. Struebing, Los Alamos Scientific
Laboratory, unpublished work.

[4-J A. A. Bochvar, S. T. Konobeevsky. V. I.
Kutaitsev, T. S. Menshikova, and N. T.
Chebotarev, “Interaction Between Plutoni-
um and Other Metals in Connection with
Their Arrangement in Mendeleev’s Periodic
Table,” Proceedings of the Second L?nited
Nations International Conference on the
Peacejul Uses of Atomic Energy, Geneva,
1958, vol. 6, p. 184, United Nations,
Geneva (1958).
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Pu-Be ❑
Plutonium-Beryllium

The reports of studies of Pu-Be alloys by [1],
[2], and [3] are in general agreement. The
phase diagram shown in Fig. 5 conforms largely
with the results of those authors but includes
modifications based on the work of [4], [5], and
[6]. The high-melting intermediate phase PuBe,,
is useful as a neutron source having a predictable
neutron yield for a given weight of compound.
[4] found the melting point of PuBe,, by optical
pyrometer measurements to be 1950 + 50”C, but
[3] gives the melting point as 1700”C. The melt-
ing point of Pu was observed by [6] to be lowered
a maximum of 10°C at the eutectic horizontal,
while [3] found the amount of lowering to be
45 “C Microstructural work of [7] tends to con-
firm the result of [6]. There appears to be
negligibly small volubility of Be in the Pu allo-
tropes, according to [3]. Crystal structure data in
Table VII have been reported by [1]. [7], and
[8] .

[1] A. A. Bochvar, S. T. Konobeevsky. V. I.
Kutaitsev, T. S. Menshikova, and N, T.
Chebotarev, “Interaction Between Plutoni-
um and Other Metals in Connection with
Their Arrangement in Mendekev’s Periodic
Table,” Proceedings of the Second United
Nations International Conference on the
Peacejul Uses of Atomic Energy, Geneva.
1958, Vol. 6. pp. 184-186, United Nations,

[2]

[3]

[4]

[5]

[6]

[7]

[8]

Geneva (1958).

F. W. Schonfeld, “Plutonium Phase Dia-
grams Studied at Los Alamos,” Chap. XXII
in The Metal Plutonium, A. S. Coffinberry
and W. N. Miner (Eds. ), p. 241, The Uni-
versity of Chicago Press, Chicago (1961).

S. T. Konobeevsky, “Equilibrium Diagrams
of Certain Systems of Plutonium,” Session
on the Peaceful Uses of Atomic Energy,
Section on Chemical Sciences, 111: pp. 362-
374, Academy of Sciences, Moscow (1955).

V. O. Struebing, Los Alamos Scientific
Laboratory, unpublished work.

R. D. Moeller and C. R. Tipton, Jr., Los
Alamos Scientific Laboratory, unpublished
work.

R. O. Elliott, Los Alamos Scientific Labora-
tory, unpublished work.

O. J. C. Runnalls, “The Crystal Structures
of Some Intermetallic Compounds of Pluto-
nium,” Can. 1. Chem., 34: 133-145 (1956).

F. H. Ellinger, “A Review of the Inter-
metallic Compounds of Plutonium,” Chap.
XXV in The Metal Plutonium, A. S. Coffin-
berry and W. N. Miner (E&.), pp. 286-287,
The University of Chicago Press, Chicago
(1961).
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TABLE VII. CRYSTAL STRUCTURE DATA FOR PLUTONIUM-BERYLLIUM ALLOYS

Phase Structure Symmetry Space Unit cell dimensions, A Forrnula X-ray Ref.
type group units per density,

a b c unit cell g/cm8

PuBe,, NaZn,, Cubic Fm3c 10.284 (Be-Rich) 8 4.35 [7]

c 10.278 (Pu-Rich)
10.274 4.36 [1]
10.282 (Be-Rich) 4.3!5 [8]



I

I

I

I

I

I

I
I

I

1

I

I

I

I

I

Pu-Bi ❑
Plutonium-Bismuth

Partial phase diagrams for this system have
been reported by [1] and [2]. The Iiquidus be-
tween 80.8 and 100 at. ~. Bi has been determined
by [3], and the melting point of PuBi was placed
at approximately 1300°C by [4]. The diagram
shown in Fig. 6 is based on the combined results
of these investigators. The major point of differ-
ence between the diagram of [2] and that shown
here is the temperature of the peritectic forma- [3]
tion of PuBi2 which [2] give as 528°C. Crystal
structure data have been reported by [2] and
[5] and are given in Table VIII. [4]

[1] F. W. Schonfeld. “Plutonium Phase Dia-
grams Studied at Los Alamos,” Chap. XXII [5]
in The Metal Plutonium, A. S. Coffinberry
and W. N. Miner (Eds. ), p. 241. The Uni-
versity of Chicago Press, Chicago (1961).

[2] A. A. Bochvar, S. T. Konobeevsky, V. I.

Kutaitsev. T. S. Menshikova. and N. T.
Chebotarev, “Interaction of Plutonium and
Other Metals in Connection with Their Ar-
rangement in Mendeleev’s Periodic Table.”
Proceedings of the Second United Nations
International Conference on the Peaceful
Uses of Atomic Energy, Geneva, 1958, Vol.
6, p. 184-193, United Nations, Geneva
(1958),

R. O. Elliott and E. M. Cramer, Los Alamos
Scientific Laboratory, unpublished work.

V. O. Struebing, Los Alamos Scientific
Laboratory, unpublished work.

F. H. Ellinger, “A Review of the Inter-
metallic Compounds of Plutonium, ” Chap.
XXV in The Metal Plutonium, A. S. Coffin-
berry and W. N. Miner (Eds.), p. 287, The
University of Chicago Press, Chicago
(1961).
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TABLE VIII. CRYSTAL STRUCTURE DATA FOR PLUTONIUM-BISMUTH ALLOYS

Phase Structure Symmetry Space Unit cell dimensions, A Formula X-ray Ref.
type group units per density,

a b c unit cell g/cm8

Pu,Bi(?) unknown

t

PuBi NaCl face-centered Fm3m 6.348 4 1i .63 [2]

9 cubic 6.350 11.62 [5]

PuBi, unknown
e

9
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Pu-c ❑
Plutonium-Carbon

The phase diagram shown in Fig. 7 is mainly
that of [1] but includes minor modifications based
on the later work of [2] , [3], and [4]. Addi-
tions of C lower the melting point of Pu about
10“C; however, [1] did not observe a eutectic
microstructure in either quenched or slowly
cooled alloys containing between 0.5 and 30 at. ~.
C. The eutectic temperature has been reported
as 637°C by [3]. Thermal analysis results of [1]
show that C additions have little or no effect on
the solid state transformations of Pu, and thus
indicate negligibly small volubility of C in the Pu
allotropes. Also, [5] found no significant volu-
bility of C in 8’ or .Pu. The temperature of the
peritectoid reaction (S + q ~ <) was placed at
575°C by [1], between 577° and 585°C by [2],
and at 558°C by [3]. The monocarbide, common-
ly referred to as PuC, exists over an appreciable
range of composition and, according to [6], has
a defect structure containing at saturation only
89% of the theoretical number of C atoms. The

3200
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~ I 200
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maximum C content of PuC has been reported by
[2], [3], [4], and [6] to be near 48 at.%, and
the minimum has been reported by [2], [3], and
[4] to be near 42.5 at.%. The volume fraction
analysis data of [2] indicate that Pu2C~ has a
volubility range of about 1 at. ~. above 855 ‘C, and
[4] has suggested that PU2C, has a small range
of homogeneity. PuC and PuzC~ are found in as-
cast alloys but Pu~Cz and PuCZ are found in
significant proportion only in alloys that have
been appropriately heat treated. Crystal structure
data for PuC and Pu,C, have been determined by
[1], [6], [7], [8], and [9] and are given in

Table IX. The structures of Pu,C, and PuC, are
unknown. The volubility of C in liquid Pu, as de.
termined by [1 O] is given in Table X.

[1] R. N. R. Mulford, F. H. Ellinger, G. S.
Hendrix, and E. D. Albrecht, “The Pluto-
nium-Carbon System,” in Plutonium i 960,
E. Grison, W. B. H. Lord, and R. D. Fowler
(Eds.), pp. 301-311. Cleaver-Hume Press.
Ltd.. London (1961).

[2] K. A. Johnson. “Metallographic Prepara-

=uL /
/

I
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I

~

———. ———— ——
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ATOMIC PERCENT CARBON

Fig. 7. Plutonium-carbon phase diagram.
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[3]

[4]

[5]

[6]

[7]

tion and Observations of Some Plutonium-
Carbon Alloys,” USAEC Report LA-3191-
MS, Los Alamos Scientific Laboratory
(November 1964).

S. Rosen, M. V. Nevitt, and A. W. Mitchell,
“Metallographic and X-ray Observations of
Pu-C Alloys,” USAEC Report TID-1 7867,
Argonne National Laboratory (November
1962).
O,L. Kruger, “Phase Studies on Arc-Melted
Plutonium-Carbon Alloys Near the Mono-
carbide Composition,” J. Am. Ceramic Sot.,
46(2): 80-85 (1963).

R. O. Elliott and A. C. Larson, “Delta-
Prime Plutonium,” Chap. XXIV in The
Metal Plutonium, A. S. Coffinberry and
W. N. Miner (I?&.), pp. 265-280, The Uni-
versity of Chicago Press, Chicago (1961).

R. Pascard, “Etudes preliminaries sur le sys-
teme plutonium-carbone et les solutions
solides carbure d’uranium-carbure de pluto-
nium.” (in French), in Powder Metallurgy
in the Nuclear Age — Plansee Proceedings
1961, F. Benesovsky (Ed.), pp. 387-419,
Springer-Verlag. Vienna (1962).

W. H. Zachariasen. “Crystal Chemical
Studies of the 5f-Series of ‘Elements: XII.
New Compounds Representing Known

[8]

[9]

[10]

Structure Types,” Acts Cryst., 2: 388-390
(1949).

J. L. Drummond, B. J. McDonald, H. M.
Ockenden, and G. A. Welch, “The Prepara-
tion and Properties of Some Plutonium
Compounds: Part VII. Plutonium Carbides,”
J. Chem. Sot., 1957 (Part IV): 4785-4789
(1957),

W. H. Zachariasen, “Crystal Chemical
Studies of the 5f-Series of Elements: XV.
The Crystal Structure of Plutonium Sesqui-
carbide,” Acts Cryst., 5: i 7-19 (1952).

D. F. Bowersox and J. A. Leary, “The Solu-
bilities of Carbon, Tantalum, Tungsten, and
Rhenium in Liquid Plutonium. J. Nz~cl.
Mater., 21:219-224 (1967).

TABLE X. VOLUBILITY OF CARBON IN
LIQUID PLUTONIUM

‘1.emperature, “C Volubility, at. % C

700 1.36 & 0.03
750 1.61 a 0.06
800 2.26 * 0.14
850 2.67 & 0.08
900 3.57 * 0.13
950 4.47 & 0.27

TABLE IX. CRYSTAL STRUCTURE DATA FOR PLUTONIUM-CARBON ALLOYS

Phase Structure Symmetry Space Unit cell dimensions, A Formula X-ray Ref.
type group units per density,

a b c unit cell g/cm8

Puc NaCl face-centered Fm3m 4.958 (Pu-rich) 4 13.6 [1, 7]

7 cubic 4.974 (C-rich) [1]
4.959 (Pu-rich) [8]
4.973 (C-rich) [8]
4.968 (Pu-rich) [6]
4.978 (C-rich) [6]

Pu,c,
,-.

Pu,c, body-centered 143d 8.1258 (Pu-rich) 8 12.70 [1, 9]
e cubic 8.1317 (C-rich) [1]

Put, Unknown
t
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Pu-Ca H
Plutonium-Calcium

See Pu-Ba (Plutonium-Barium).

Pu-Cd ❑
Plutonium-Cadmium

A complete diagram for this system has been
published by [1], and a partial diagram. relative
to Cd-rich alloys, has been published by [2].
With one exception, the diagrams are in reason-
able agreement in the area in which they over-
lan The com~ound iudmd bv [11 to be PuCd,,

is shown in Fig. 8. Crystal structure data are
given in Table XI.

[1] D. E, Etter, D. B. Martin, D. L. Roesch,
C. R. Hudgens, and P. A. Tucker, “The
Plutonium-Cadmium Binary System,”

Trans. Met Sot. AIME, 233: 2011-2013
(1965).

[2] I. Johnson, M. G. Chasanov, and R. M.. . ---
on the basis of quantitative metallography, is Yonco, “Pu-Cd System: Thermodynamics
designated as PuCd, by [2], on the basis of mixed and Partial Phase Diagram,” Trarzs Met.
x-ray diffraction patterns. The diagram of [1] SOC. A/ME, 23!3: 1408-1414 (1965).

I 600

I

I

1-

0 10 20 30 40 50 60 70 80 90 100
ATOMIC PERCENT CADMIUM

Fig. 8. Plutonium-cadmium phase diagram. (Redrawn from Ref. 1.)

25



TABLE XI. CRYSTAL STRUCTURE DATA FOR PLUTONIUM-CADMIUM ALLOYS

Phase Structure Symmetry Space Unit cell dimensions, A
type group

a bc

Formula X-ray Ref.
units per density,
unit cell g/cm8

Pucd, Unknown
t

PuCd, ( ?) Unknown

q

Puc& Cubic 15.59 [2]
e

Pucdl, Cubic 9.%39 [2]
1
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Pu-co ❑ on the results of these two groups of investigators.
—

Plutonium-Cerium
[1]

Complete diagrams for this system have
been published by [1] and [2]. These are in
general agreement except for the shape of the
liquidus boundary and the mode of transforma-
tion of the high-temperature Cc-rich solid solu-
tion, which are not yet definitely established.
Also, [2] report 613°C instead of 592°C for the [2]
temperature of the peritectoid reaction . + y
Ce “ 8 Pu. The diagram shown in F%. 9 is based
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E
g 300
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200
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F. H. Ellinger, C. C. Land, and E, M.
Cramer, “Plutonium-Cerium Phase Dia-
gra~” in Eztractive and Physical Metal-
lurgy oj Plutonium and Its Alloys, W. D.
Wilkinson (Ed.), pp. 149-167, Interscience
Publishers, New York (1960).

J. E. Selle and D. E. Etter, “The Plutonium-
Cerium Svstem.” Trans. Met Sot. AIME.
230:1000:1005‘(1964) .

L+y-Ce ,0” ,

/
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Fig. 9. Plutonium-cerium phase diagram.
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Pu-co ❑ [4]

Plutonium-Cobalt

[5]
A nearly complete diagram for this system

has been reported by [1], a partial diagram has
been published by [2]. the phase relationships
and solubilities in Pu-rich alloys have been
studied by [3]. and Iiquidus temperatures have
been determined by [4]. The diagram shown in
Fig. i O is based on the combined results of these
investigators. Crystal structure data given in Table
XII have been reported by [1]. [5], [6]. [7],
and [8].

[6]
[1] D. M. Poole and J. L. Nichols, “The Pluto-

nium-Cobalt System.” UKAEA Report
AERE.R 3609 (1961).

[2] F, W. Schonfeld, “Plutonium Phase Dia-
grams Studied at Los Alamos.” Chap. XXII
in The Metal Plutonium, A. S, Co ffinberry [7]
and W. N. Miner (Eds. ), p. 242. The Un~-
versity of Chicago Press, Chicago (1961).

[3] R. O. Elliott and A. C. Larson, “Delta-Prime [8]
Plutonium,” Chap. XXIV. Ibid., pp. 265-
280.

C. C. Land, Los Alamos Scientific Labora-
tory. unpublished work.

A. A. Bochvar, S. T. Konobeevsky, V. I.
Kutaitsev, T. S. Menshikova, and N. T.
Chebotarev, “Interaction of Plutonium and
other Metals in Connection with Their Ar-
rangement in Mendeleev’s Periodic Table,
“Proceedings of the Secund United Nations
International Conference on the Peaceful
Uses of Atomic Energy, Geneva, 1958, Vol.
6, pp. 187-188, United Nations, Geneva
(1958).

F. H. Ellinger, “A Review of the Inter-
metallic Compounds of Plutonium,” Chap.
XXV in The Metal Plutonium, A. S. Coffin-
berry and W. N. Miner (Eds.), pp. 288-
290, The University of Chicago Press, Chi -
cago (1961).

A. C. Larson. D. T. Cromer, and R. B. Roof.
Jr., “The Crystal Structure of Pu,CO,” Acts
Cryst., 16:835-836 (1963).

O. J. C. Runnalls, “The Crystal Structures
of Some Intermetallic Compounds of Pluto-
nium,” Can. 1. Chem,, 34: 133-145 (1956).

0 10 20 30 40 50 60 70 80 90 100
ATOM IC PERCENT COBALT

Fig. 10. Plutonium-cobalt phase diagram (Courtesy Ellinger, Land, and Gschneidner and by permission of
Gordon and Breach, Science Publishers, Inc., from Plutonium Handbook, Vol. 1, p. 203, 1967.)
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TABLE XII. CRYSTAL STRUCTURE DATA FOR PLUTONIUM-COBALT ALLOYS

Phase Structure Symmetry Space Unit cell dimensions, A Formula X-ray Ref.
type group units per density,

a b c unit cell g/cm8

Pu,co U,Mn tetragonal 14/mcm 10.45 5.32 4 17.06 [5]

c 10.46 5.33 17.00 [6]

I 10.475 5.340 [1]

Pu,CO A12CuMg orthorhombic Cmcm 3.501 11.03 9.23 (Pu-rich) 14,7 [1]

? 3.477 10.99 9.20 (Co-rich) [1]
3.470 10.939 9.196 4 14.76 [6]
3.475 10.976 9.220 14.65 [7]

Pu,co Fe,P hexagonal P321 7.902 (Pu-rich) 3.549 3 14.0 [6]
e 7.763 (Co-rich) 3.648 [6]

7.803 (Pu-rich) 3.606 [1]
7.732 (Co-rich) 3.654 [1]

PUCQ2 Cu,Mg cubic Fd3m 7.075 8 13.39 [8]
L 7.083 (Pu-rich) [5]

7.066 (Co-rich) [5]
7.081 (Pu-rich) [6]
7.095 (Pu-rich) [1]
7.023 (Co-rich) [1]

Puce, PuNi, rhombohedral R~m 8.635 ; a = 33°40’ 3 11.74 LIJ
N (in hexagonal system) 5.003 24.42

PuzCO,, Th,Ni,, hexagonal P6@mc 8.325 8.104 2 10,10 [6]
A 8.327 8.107 [i]
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Pu-Cr ❑
Plutonium-Chromium

The phase diagram of [1] and the data of
[21, [31. and [4] are in general agreement as
to phase relationships but differ in details (see
Fig. 11). [1] have placed the eutectic temperature
at 615 ‘C, and the composition at less than 2.2
at.’~ Cr; whereas [2] found the temperature to
be 626°C, and [3] did not find metallographic
evidence for a eutectic structure in alloys con-
taining 1 and 2 at. % Cr. The data of [4] sug-
gest that the maximum volubility of Cr in 8Pu is
about 1 at.%. Volubility data determined by [5]
for Cr in liquid Pu are given in Table XIII.

[1] A. A, Bochvar. S. T. Konobeevsky, V. I.
Kutaitsev, T. S. Menshikova, and N. T.
Chebotarev, “Interaction of Plutonium and
Other Metals in Connection with Their Ar-
rangement in Mendeleev’s Periodic Table,”

y
.

iil
a

2000

500

000

500

0

[2]

[3]

[4]

[5]

Proceedings oj the Second United Nations
International Conference on the Peaceful
Uses of Atomic Energy, Geneva, 1958, vo~.
6, pp. 184-193, United Nations, Geneva
(1958).

W. N. Miner, Los Alamos Scientific Labo-
ratory, unpublished work.

E. M. Cramer, Los Alamos Scientific Labo-
ratory, unpublished work.

F. H. Ellinger, Los Alamos Scientific Labo-
ratory. unpublished work.

D. F. Bowersox, “The Solubilities of Selected
Elements in Liquid Plutonium: XII. Chro-
mium.” USAEC Report LA-3850. Lcs Ala
mos Scientific La-horatory (March 11.
1968).

I /’1 I I I L+Cr
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ATOMIC PERCENT CHROMIUM

Fig. 11. Plutonium-chromium phase diagram.
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TABLE XIII. VOLUBILITY OF CHROMIUM
IN LIQUID PLUTONIUM

Temperature. “C

700
750
800
850
900
950

1000

Volubility, at. % Cr

1.62 & 0.03
2.23 * 0.00
3,% * 0.01

4.35 * 0.01
5.59 * 0.00
6.94 * 0.01
8.58 ~ 0.01



Pu-cs ❑ . . . . . .
Plutonium-Cesium

PU appears to be completely immiscible with [2]
the alkali metals in both the liquid and solid states,
according to [1], and [2] have stated that the
alkali metals do not react with Pu in the solid
state.

[1] F. W. Schonfeld, “Plutonium Phase Dia-

1
grams Studied at Los Alamos,” Chap. XXII
in The Metal Plutonium, A. S. Coffin berry
and W. N. Miner (Eds. ), p. 251. The Un.i -
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versity of Chicago Press, Chicago [1 Ybl ).

A. A. Bochvar, S. T. Konobeevsky, V. I.
Kutaitsev, T. S. Menshikova, and N. T,
Chebotarev, “Interaction Between Pluto-
nium and Other Metals in Connection with
Their Arrangement in Mendeleev’s Periodic
Table,” Proceedings of the Secvnd United
Nations International Conference on the
Peaceful Uses of Atom”c Energy, Geneva,
1958, Vol. 6, p. 184, United Nations, Geneva
(1958).

33



I

1

I
I
I
I
1

I

1

[

I
1
I
1

1
[
I

I

I



I

I

I

I

I

I

I

1

I

I

I

I

I

I

1

I

I

I

Pu-cu ❑
Plutonium-Copper

Phase diagrams for this system have been
proposed by [1], [2], and [3]. With the excep-
tion of the number and composition of the inter-
metallic compounds, the results of the three in-
vestigations are in good agreement. [1] reported [2]
the existence of PuCU,, PuC~, and PuCU; [2]
found evidence for PuCU,, PuCU., P~Cu,,, and
PuSCU,,; and [3] identified PUCUZ, PUCU4.
P~Cu,7, and PuC~, and stated that a structure
determination confirmed the composition PuCU,,

rangement in Mendeleev’s Periodic Table,”
Proceedings of the Second United Nations
International Conference on the Peaceful
Uses o} Atomic Energy, Geneva, 1958, Vol.
6, pp. 184-193, United Nations, Geneva
(1958).

T. B. Rhinehammer, D. E. Etter. and L. V.
Jones, “The Plutonium-Copper Phase Dia-
gram,” in Plutonium 1960, E. Grison, W. B.
H. Lord, and R. D. Fowler (Eds.). pp. 289-
300, Cleaver-Hume Press, Ltd.. London
(1961).

with no surmortin~ evidence for Pu,CU,,. The
diagram sho”& in Fig. 12 is based ma&ly”~n A-e [3]
work of [2] and [3]. Crystal structure data are
given in Table XIV. -

[1] A. A. Bochvar, S. T. Konobeevsky, V. I.
Kutaitsev, T. S. Menshikova, and N. T.
Chebotarev, “Interaction of Plutonium and
Other Metals in Connection with Their Ar-
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V. L Kutaitsev, N. T. Chebotarev, I. G.
Lebedev, M. A. Andrianov, V. N, Konev.
and T. S. Menshikova, “Phase Diagrams of
Plutonium with the Metals of Groups II&
IVA, VIIIA and IB,” in Plutonium 1965,
A. E. Kay and M. B. Waldron (Eds.), pp.
429 and 445. Chapman and Hall, London
(1967). -
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Fig. 12. Plutonium-copper phase diagram.
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TABLE XIV. CRYSTAL STRUCTURE DATA FOR PLUTONIUM-COPPER ALLOYS

Phase Structure Symmetry Space Unit cell dimensions, A
type group

a bc

Formula X-ray Ref.
units per density,
unit cell g/cm8

Pucu, unknown

t

Pucu, unknown

?

Pucu,, unknown
e

Pucw CeCuO orthorhombic Prima 8.50 5.025 10.059 4 10.12 [3]
b



I
Pu-Dy ❑

Plutonium-Dysprosium

I See Pu-Gd (Plutonium-Gadolinium).

I
Pu-Er H

Plutonium-Erbium

See Pu-Gd (PIutonium-Gadolinium).
I

Pu-Eu ❑

I

Plutonium-Europium

It has been found by [1] that liquid Pu is
completely immiscible with liquid Eu and Yb.

I

I

I

[1] F. H. Ellinger, C. C. Land, and K. A.
Johnson, LOS Alamos Scientific Laboratory,
unpublished work as of June 1967.
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Pu-Fe ❑
Plutonium-Iron

Phase diagrams for this system have been
proposed by [1], [2], and [3]. In addition, the
phase relationships in the 8’Pu region have been
studied by [4]. liquidus points for alloys con
taining between 15 and 30 at. % Fe have been de-
termined by [5], and [6] has suggested minor
modifications to the published diagrams in the
Fe-rich region between Pu,Fe and Fe. In general,
the results of the various investigators differ only
in details. [1] did not report the inverse peritectic
decomposition of the SPU solid solution. as ob-
served by [2] and confirmed by [4]. [2] placed
the Pu-PuCFe eutectic temperature at 413 “C.
rather than at 41O°C. the eutectic temperature
found by [1] and [3]. Also, [2] found some-
what higher solubilities of Fe in e and 8Pu ( >2.5

1600

1400

I 200
p

~ I 000
K
3
1-
a 800
a
w
L
s 600
w
1-

400

200

0

and 1.5 at.~o) than did [4] ( > 2 and 0.6 at. ~o).
The temperature of the peritectic formation of
PuOFe has been reported variously, as 430”C by
[1], 428°C by [2], and 425°C by [7]. [6] has
reported the existence of a hexagonal modification
of PuFeg between 760 and 1020”C and has pro-
vided volubility data with respect to Pu in yFe
and Fe in PuFe:. The diagram shown in Fig. 13
is a composite based on the results of the various
investigators. Crvstal structure data have been
reporte~ by [ 1] ,“ [2]. [6]. [8]. and [9] (see
Table XV. )

[1] S. T. Konobeevsky: “Equilibrium Diagrams
of Certain Systems of Plutonium.” Session
on the Peaceful Uses of Atomic Energy,
Section on Chemical Sciences, III: pp. 362-
374. USSR Academy of Sciences. Moscow.
(1955).
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Fig. 13. Plutonium-iron phase diagram.
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[2]

[3]

[4]

[5]

P. G. Mardon, H. R. Haines, J. H. Pearce,
and M. B. Waldron, “The Plutonium-Iron
System,” J. inst. Metcds, 86: 166-171
(1957).

F. W. Schonfeld, “Plutonium Phase Dia-
grams Studied at Los Alamos,” Chap. XXII
in The Metal Plutonium, A. S. Co ffinberry
and W. N. Miner (Eds. ). p. 243, The IJni-
versity of Chicago Press, Chicago (1961).

R. 0, Elliott and A. C. Larson, “Delta-Prime
Plutonium.” Ibid., Chap. XXIV. pp. 265-
280,

C. C. Land. in “Quarterly Status Report on
Plutonium React&- Fuei Developm&t for
Period Ending February 20, 1964,” USAEC
Report LAMS-3057, p. 13, Los Alamos

[6]

[7]

[8]

[9]

TABLE XV. CRYSTAL STRUCTURE DATA FOR

Scientific Laboratory, (Mar. 25, 1964).

E. Avivi, “Etudes d’alliages plutonium-fer
et d’alliages uranium-plutonium-fer” (in
French), Centre d’ Etudes Nuc14aires de Fon-
tenay-aux-Roses, French Report CEA-R2444
(Jan. 27, 1964).

W. N. Miner, Los Alamos Scientific Labo-
ratory, unpublished work.

F. H. Ellinger, “A Review of the Inter-
metallic Compounds of Plutonium,” Chap.
XXV in The Metal Plutonium, A. S. Coffin-
berry and W. N. Miner (Eds.), pp. 292-294.
The University of Chicago Press, Chicago
(1961).
O. J. C. Runnalls, “The Crystal Structures
of Some Interrnetallic Compounds of Plu-
tonium,” Can. .7.Chem., !14:133-145 (1956),

PLUTONIUM-IRON ALLOYS

Phase Structure Symmetry Space Unit cell dimensions, A Formula X-ray Ref.
type group units per density,

a b c unit cell g/cm8

PwFe UCMn tetragonal 14/mcm 10.404 5.355 4 17.07 [8]
c 10.403 5.347 17.10 [1]

10.405 5.349 [2]

PuFe, Cu,Mg cubic Fd3m 7.150 (preparation “a”) 12.74 [9]

9 7.190 (preparation “b”) 12.53 [9]
(cubic) 7.191 8 12,53 [8]

7.178 12,59 [1]
7.189 [2]
7.184 (Pu-rich) [2]
7.189 [6]

PuFe, hexagonal 5.64 18.37 [6]
1
(hex)

.-
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Pu-Go ❑
Plutonium-Gallium

Two versions of ’this phase diagram have been
published. That of [1] is based on thermal.
dilatometric, microstructural. and x-ray data. The
diagram of [2] is supported by similar data and,
in addition. by results of electron-beam micro-
probe analysis. Both diagrams are in satisfactory
agreement for the most part although there are
certain important differences. Information about
alloys containing more than 75 at. 0/0 Ga has also
been reported by [3]. and additional crystal
structure data have been given by [4]. [5]. and
[6] (see Table XVI. ) The diagram shown in
Fig. 14 is mainly that of [1] as modified by the
work of [3]. There is no significant volubility of
Ga in a, /3, and yPu. and the volubility of Ga in
8’Pu is indicated to be less than 0.25 at. ~o. A
filtration method was used by [1] to determine
the volubility of Pu in liquid Ga. These data are
given in Table XVI 1. The following are the main
points of difference between the published work
of [2] and the phase diagram shown here. Ac-
cording to [2], 8 is formed from c and Pu:,Ga:,.
whereas [1] found 8 to be formed from r and ?).
The maximum scdubility of Ga in e was found by
[2] to be near 13 at. % instead of the 20 at. %
volubility reported by [1]. q is shown by [2] to

1600

1400

I200
g

800

600

8’,

400

200

0

decompose to form c and Pu,,Ga. and by [1] to
form 8 and Pu,Ga. Also. [2] found the 18-at.%-
Ga alloy to be single phase (q) when annealed at
690°C, which is vvithin the E + q field of [1].
Pu,,Ga, forms peritectically according to [1] but
congruently according to [2]. [2] suggest that
Pu,Ga:, may have a high-temperature transition.
The existence of Pu,Ga, was not confirmed by
[2]. PuGa, was found by [2] to have a range of
volubility, in the regicn above 750”C. which
reaches the maximum width of about 5 at. ~. at
1105”C.

[1] F. H. Ellinger, C. C. Land, and V, O.
Struebing, “The Plutonium-Gallium Sys-
tem.” 3. Nucl. Mater,, 12(2):226-236
(1964).

[2] B. Hocheid. A. Tanon, S. Bedere, J. Despres.
S. Hay, and F. Miard, “Studies of the Binary
Systems Plutonium-Gold. Plutonium-Galli-
um and Plutonium-Indium. ” in Plutonium
1965, A. E. Kay and M. B, Waldron (Eds.),
pp. 330-336. Chapman and Hall, London
(1967).

[.3] C. C. I.and. F. H. Ellinger. and K. A.
Johnson, “The Intermetallic Compounds
PuGa., ,and PuGa,,” J. Nucl. Mater., 16(1):
87 (1965).
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[4]

[5]

[6]

B. Hocheid. A. Tanon, and J. Despres,
“Observations sur la structure des composes
intermetalliques des syst&mes binaries Pu-Ga
et Pu-In” (in French). J. Nucl. Mater..
15(3) :241-244 (1965).

I’ABLE XVII. VOLUBILITY OF PLUTONIUM
IN LIQUID GALLIUM

Temperature Pu in solution
*5°C at. ~.

A. C. Larson. D. T. Cromer, and R. B. Roof,
Jr.. “The Crystal Structure of the High-
Temperature Form of PuGa.,.” Acts Cryst.,
18(2): 294-295 (1965).

F. H. Ellinger and W. H. Zachariasen.

496 0.24
500 0.17
597 1.01
706 3.2
811 6.4

“The Crystal Structures of PuGa4 and 907 10.6
PuGa,.” Acts Cryst.. 19: 281-283 (1965).

TABLE XVI. CRYSTAL STRUCTURE DATA FOR PLUTONIUM-GALLIUM ALLOYS

Phase Structure Symmetry Space Unit cell dimensions. A Formula X-ray Ref.
type group units per density,

a b c unit cell g/cm8

Pu,Ga AuCU, cubic Pm3m 4.507 1 14.27 [1]
t 4.500 [4]

Pu,Ga SrPb, Ietragonal P4/mmm 4.469 4.527 1 14.45 [1]
c’ 4.492 4.555 [4]

v body-centered cubic 3.58 [1]
pseudo-cell

Pu,Ga, W6Si,? tetragonal 14/m~m II .735 5.511 4 12.29 [1]
e face-centered 5.570 [4]

cubic

PuGa tetragonal I . . . . 6.640 8.066 8 11.53 [1]
1 body-centered

cubic high 3.53 2 [4]
temperature form

Pu,Ga, (? )unknown [1]
K

PuGa, AIB, hexagonal P6~mmm 4.248 4.120 1 9,76 [1]
A 4.258 4.120 [4]

PllGa, rhombohedral R~m 10.001;a = 35°59’ 4 9.63 [5]

P (in hexagonal system) 6.178 28.031

PuGa, NiJ3n hexagonal P6@rnc 6.300 4.514 2 9.59 [1]

P’

PuGa, UA1, body-centered Imma 4.380 6.290 13.673 4 9.13 [3,6]
v orthorhombic

PuGa, PuGa, tetragonal P4/nbm 5.942 7.617 2 8.11 [3,6]

t
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and Other Metals in Connection with Their
Arrangement in Mendeleev’s Periodic
Table,” Proceedings oj the Second United
Nations International Conference on the
Peacejul Uses of Atomic Energy, Geneva,
1958, Vol. 6, p. 191, United Nations, Geneva
(1958),

Pu-Mo ❑
Plutonium-Molybdenum

A phase diagram of the simple eutectic type
for this system (see Fig. 22) has been published
by [1]. The eutectic composition is close to Pu,
and the eutectic temperature is given as 590°C.
However, [2] found the eutectic temperature to
be 613 “C. The absence of intermediate phases in
as-cast alloys has been verified by [3] and [4],
and a liquidus point at 26 at. ~. Mo and 1750”C
was found by [3] and [5] who equilibrated
liquid Pu in the presence of excess Mo and then
measured, by areal analysis, the proportion of
primary dendrites of Mo in the alloy. The volu-
bility of Mo in liquid Pu between 700 and 1000”C.
as determined by [6], is given in Table XXVIII.

[2] P. G. Mardon, J. P. Evans, D. J. Hodkin,
J. M. North, and J. H. Pearce, “The Con-
stitution and Fabrication of Uranium-Molyb-
denum-Plutonium Fuels,” in Plutonium
1960, E. Grison, W. B. H. Lord, and R. D.
Fowler (E&.), pp. 329-352, Cleaver-Hume
Press, Ltd.. London (1961 ).
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I

[3] E. M. Cramer, Los Alamos Scientific Labo-
ratory, unpublished work.

[1] A. A. Bochvar. S. T. Konobeevsky, V. 1.
Kutaitsev. T. S. Menshikova. and N. T. Che- r41 F. H. Ellin~er, Los Alamos Scientific Labo-
botarev, ‘“ Interaction Between Plutonium - - r-story, unpublished work.
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Fig. 22. Plutonium-molybdenum phase diagram. (Redrawn from Ref. 1.)
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[5] V. O. Struebing, Los Alamos Scientific TABLE XXVIII. VOLUBILITY OF MOLYB-
Laboratory, unpublished work. DENUM IN LIQUID PLU-

[6] D. F. Bowersox and J. A. Leary, “The Solu-
TONIUM ‘

l)ilities of Selected Elements in Liquid Plu-
tonium: VIII. Molybdenum,” USAEC Re-

Temperature, ‘C Volubility, at. % MO

port LA-3523, Los ‘Alamos Scientific Labo- 700 1.56 & 0.04
ratory (May 24, 1966). 750 2.08 & 0.04

800 2.76 A 0.06
850 3.06 & 0.02
900 3.68 A 0.10
950 4.53 * 0.04

1000 5.00 * 0.12
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Pu-N H
Plutonium-Nitrogen

One compound, PuN, is known in this sys-
tem. It was first identified by [1]. PuN formed
by heating Pu and Pull, in N, has been examined [2]
by [2], aid that formed by melting Pu in N, has
been studied by [3] and [4]. According to
[4], congruent melting of PuN occurs only under
pressures in excess of 24.5 atm, the upper limit
that could be attained in their apparatus. At low-
er pressures, PuN decompaes according to the
reaction

3]

PuN(s) ~ Pu(~, satd with N) + 0.5 N,(g)
The decomposition pressures observed by [4] [4]
range from about 0.01 atm at 2300°C to 24.5 atm
at 2770 “C. The apparent melting point of PuN
under 1 atm of NZ has been reported as 2750 2
75°C by [5], but the corresponding value de-
termined by [4] is 2584 & 30 “C. Crystal struc- [5]
ture data for PuN are given in Table XXIX.

[1] W. H. Zacharnasen, “crystal Chemical

TABLE XXIX. CRYSTAL STRUCTURE DATA FOR

Studies of the 5-f Series of Elements: XII.
New Compounds Representing Known Struc-
ture Types,” Acts Cryst., 2: 388-390
(1949).

F. Brown, H. M. Ockenden, and G. A.
Welch, “The Preparation and Properties of
Some Plutonium Compounds: Part II. Plu-
tonium Nitride,” 3. Chem. Sot., 1955 (Part
IV) :4196-4201 (1955).

F. H. Ellinger, Los Alamos Scientific Labo-
ratory, unpublished work.

W. M. Olson and R. N. R. Mulford, “The
Decomposition Pressure of Plutonium Ni-
tride,” J. Phys. Chem., 68: 1048-1051
(1964).

D. F. Carroll, “Synthesis and Properties of
Plutonium Mononitride,” USAEC Report
HW-SA-2755, Hanford Atomic Products
Operation (1962).

PLUTONIUM-NITROGEN ALLOYS

Phase Structure Symmetry Space Unit cell dimensions, A Formula X-ray Ref.
type group units per density,

a b c unit cell g/cma

PuN NaCl face-centered Fm3m 4.9075 4 14,2 [3]
cubic 4.905 [1]

4.905 [2]
4.9055 [4]
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Pu-Na ❑
Plutonium-Sodium

See Pu-CS (Plutonium-Cesium).

Pu-Nb ❑
Plutonium-Niobium

According to [1], Pu and Nb do not form
intermediate phases (see Fig. 23). This has been
confirmed by the microstructural work of [2]
and the x-ray examinations of [3] on alloys con-
taining 10 and 50 at. ~. Nb. The volubility of Nb
in liquid Pu at about 2000”C was found to be
about 60 at. % Nb by [2] and [4], and for the
temperature range 700 to 950”C the values as
determined by [5] are given in Table XXX.

[2]

[1] A. A. Bochvar. S. T. Konobeevsky, V. I. [3]
Kutaitsev, T. S. Menshikova, and N. T.
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Chebotarev, “Interaction Between Plutoni-
um and Other Metals in Connection with
Their Arrangement in Mendeleev’s Periodic
Table,” Proceedings of the Second United
Nations International Conference on the
Peaceful Uses of Atomic Energy, Geneva,
1958, Vol. 6, p. 191, United Nations.
Geneva (1958).

E. M. Cramer, Los Alamos Scientific Labo-
ratory, unpublished work.

F. H. Ellinger, Los Alamos Scientific Labo-
ratory, unpublished work.
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Fig. 23. Plutonium-niobium phase diagram.
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