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PREFACE

"Constitution of Uranium and Thorium Alloys'" (BMI-1300) super-
sedes "Compilation of US and UK Uranium and Thorium Constitution
Diagrams' (BMI-1000), It is a new reference piece in a modified for-
mat, The original ""Compilation' has been used extensively and has
been reprinted., The present authors believe that this degree of accept-
ance of the original work implies acceptance of the concept and ap-
proach. As a result, they have undertaken this "Compilation' in an
attempt to provide an even more useful reference piece. Like its pred-
ecessor, this work was written with the cooperation of representatives
of the United Kingdom.

The modified Metals Handbook system of notation for the dia-
grams employed in BMI-1000 was again used in preparing these consti-
tutional diagrams, The symbols a/o for atomic per cent and w/o for
weight per cent have been used, In keeping with the general convention,
phases have been designated beginning with the base, The inconven-
ience of having two alpha phases, alpha A and alpha B, in the system
A -~ B is thereby obviated, Some slight but easily reconciled confusion
may exist with previous data where the diagram may have been devel-
oped for the system B =~ A,

This "Compilation" is divided into two major sections, uranium
alloys and thorium alloys, The major sections are preceded by a dis-
cussion of the transformation and melting temperatures of the base
metal, Following the discussion are the various systems in alpha-
betical order, The major sections include both binary and ternary
systems, In the previous edition the systems were separated on the
basis of whether or not constitutional diagrams were available. For
this ""Compilation'" it was determined that less weight should be given
to the presence or absence of a diagram and that utilization of the in~

formation was most readily accomplished by a completely alphabetical

listing. -

Generally, only unclassified references have been used., How-
ever, because the unclassified literature is incomplete for several
systems, some classified references are given. It is believed that
future declassifications may make many now-classified references
readily available,

The authors dedicate this volume to the late Henry A, Saller, one
of the original editors. His interests and efforts in bringing the origi-
nal '"Compilation' into being have made this '"Compilation'" a much
more straightforward task.
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MELTING POINTS AND ALLOTROPIC MODIFICATIONS OF URANIUM

Reliable reports of the melting point and transformation temperatures of uranium are
available in the literature(l), Further, uranium of ultrahigh purity has been prepared and
studied by thermal a.nalysis(z). The melting point and transformation temperatures which
were determined are shown below.

Temperature, C

Heating Cooling Average
Melting point 1128.7 1129.0 1128.9
Beta-gamma transformation 772.1 766.7 769.4
Alpha-beta transformation 667.1 657,17 662.4

In order to standardize the construction of diagrams, the average values shown above have
been used throughout this volume as the transformation temperatures and melting point of
uranium.

The crystal structure of alpha uranium has been determined to be orthorhombic by
Jacob and Warren 3), using X-ray powder methods. The data on alpha in the tabulation on
page 10 are from their work., Study by Lukesh(4) has confirmed these data on single crystals
or uranium,

The structure of alpha uranium may be regarded as being formed by the stacking of
corrugated sheets. The binding within the corrugated sheets is largely covalent in nature(5),

The crystal structure of beta uranium is complex and of tetragonal symmetry. Although
it was not until recent years that the structure was known to be tetragonal, the major con-
tributors are now in reasonably close agreement about it, The analysis of the structure of
beta uranium has been accomplished by two different techniques. Tucker(6) has studied it at
room temperature, using single crystals of retained beta in a 1.4 a/o chromium alloy.
Thewlis(7) has studied beta both in pure uranium and in the 1.4 a/o chromium alloy at 720 C
by high-temperature powder techniques,

Thewlis(7) reports that there are differences in intensity between beta powder patterns
of the pure metal and those of the low-chromium alloy at 720 C, Tucker and Seniol8) report
that the major discrepancy reported by Thewlis for the powder pattern of the low-chromium
alloy is not found in single-crystal data from a sample of identical composition. On this
basis, Tucker and Seniol8) conclude that the patterns of the beta structure for the low-
chromium alloy and for the pure metal are identical,

The lattice dimensions for beta tabulated below are from Thewlis(7), while the other
data for beta are from Tucker and Senio(8), Tucker(6) reports unit-cell dimensions for single
crystals of the 1.4 a/o chromium beta at room temperature to be a = 10,52 and c = 5.57 A,
with a measured density of 18,697 g/cm3, Similar data are reported by Thewlis(7), who
gives lattice constants of a = 10,590 + 0,001 and ¢ = 5,634 + 0,001 A and a density of 18.56
g/cm3. These latter data are probably the more precise, since they were obtained by means
of powder techniques. At 720 C, the unit-cell dimensions of the 1.4 a/o chromium beta,
according to Thewlis(7), are a = 10,763 £ 0,005 and c = 5. 652 % 0, 005 A, corresponding ta a
density of 17.93 g/cm3,

The structure of gamma uranium has been shown to be body-centered cubic. The data
tabulated below are from Thewlis(10), X-ray data were obtained at 800 C, giving a lattice
constant of a = 3,487 A(9),

Lattice constants were also determined for a series of alloys containing 17. 3 to 31.2 a/o
molybdenum which possessed a retained-gamma structurel9), A lattice constant of a =
3.474 A at room temperature was determined by extrapolation of these data. Vegard's law
was assumed to apply to this system,



Unit Cell
Number Density,
Dimensions, of g/cm3 Space

Phase Type A Molecules X-Ray Other Group Remarks
Alpha Ortho- a = 2.852 4 19.12 Cmecm

rhom- b = 5, 865

bic c =4.945
Beta Tetrag- a = 10.759 £ 0,001 30 18,11 P4/mnm Data for 720 C

onal ¢ =5,656% 0,001
Gamma Bec a = 3.524 2 18. 06 Im3m Data for 805 C
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URANIUM -BINARY SYSTEMS
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The Constitutional Diagram

There is virtually complete agreement on the uranium-aluminum system. The diagram
shown is that of Gordon and Kaufmann(1l), modified to include the UAl4 intermetallic com-
pound reported by Borie(2) and Allen(3),

Minor differences exist between this diagram and that of Allen{3). These differences
consist of small variations in the liquidus and in the various reaction isotherms. For
example, at the uranium end of the system, Allen(3) reports values of 1123, 757, and 672 C
for the eutectic and eutectoid isotherms. These values correspond to 1105, 750, and 655 C,
respectively, in the diagram shown here, The work of Saller{4) is in agreement with the
diagram shown., Thermal-analysis techniques resulted in slightly hi%her values for the
aluminum-rich liquidus with UAl3, as reported by Storhok and Baueri5);

755 C 17 w/o uranium

855 C 20 w/o uranium

954 C 24,5 w/o uranium
1068 C 30.9 w/o uranium
1190 C - 41,7 w/o uranium
1265 C 51.2 w/o uranium

Some details of the solubility of aluminum in uranium have been reported by Allen(3):

980 C 0.5 w/o aluminum
800 C 0.2 w/o aluminum
700 C 0.11 w/o aluminum
650 C <0, 1 w/o aluminum

Similar values, perhaps slightly lower, can be scaled from diagram in the gamma ~uranium
region.

Crystallography

The crystallography of the intermetallic compounds is summarized in the tabulation
below. The data shown for UAl; and UAl3 are from the work of Rundle and Wilson(6), The
structure of UAl3 is confirmed by Maskrey and }:‘ros‘t('”J although they report a lattice
dimension of a = 4.27 A, They also report that the atom positions of UAl3 are surely those
of the AuCuj ordered structure. On the basis of intensity data, it appears that a high degree
of order exists in UAl3.

11



Borie studied UAl4 (once identified as UA15(1)) by both X-ray and neutron diffraction, (2)
Chemical analyses and density measurements were somewhat inconsistent with the UAlyg
stoichiometry and structure, However, this inconsistency is explained on the basis of a
defect lattice where some of the uranium sites are unoccupied or are occupied by aluminum
atoms. Analysis of the structure revealed that it can be described as plates of the cubic
UAlj3 structure held together by extra aluminum atoms(2),

¢

Unit Cell
Number Density,
Dimensions, of g/cm3 Space

Phase Type A Molecules X-Ray Other Group Remarks
Delta Fcc a=17,811 8 8.14 8.2 Fd3m  Cl5-type Cup;Mg struc-

(UAI) ture
Epsilor{ Simple a = 4,287 1 6.8 Pm3m Ordered, AuCu3-type

(UAl3) cubic structure
Zeta Ortho- a =4,41 4 5.7+ 0.3 Ima or

(UAl4) rhom- b =6,27 Imma

bic cml13.71

References

(1) Gordon, P., and Kaufmann, A. R., "The Alloy Systems Uranium-Aluminum and
Uranium-Iron', J. Metals, 2, (1) 182 (1950).

(2) Borie, B, S., Jr,, "Crystal Structure of UAl4", J. Metals, 3 (9), 800-802 (1951).
(3) Allen, N, P., United Kingdom, unpublished information (1947).

(4) Saller, H, A,, Battelle Memorial Institute, '"Preparation and Properties of Aluminum-
Uranium Alloys', TID-65, 9-19 (July, 1948)., Classified,

(5) Storhok, V., W., and Bauer, A, A,, private communication (1958),

(6) Rundle, R. E., and Wilson, A, 5., ""The Structures of Some Metal Compounds of
Uranium' (AECD-2388), Acta, Cryst., 2, 148-50 (1949).

(7) Maskrey, J, T., and Frost, B, R, T., "The System Uranium-Lead" (AERE M/R 1027},
J. Inst. Metals (12), 171-180 (1953),

URANIUM-ANTIMONY

There is evidence of a number of intermetallic compounds in the uranium antimony
system, (1,2,3) The following solubilities of uranium in liquid antimony have been

reported(4):
Temperature, C 650 700 750 800 850 900
Solubility, w/o 0.1 0.3 0.5 0.8 1.8 2.9
12
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Crystallography

The crystallography of USb, U3Sby, and USby compounds is reported by Ferroll,2) as
shown below.

Unit Cell
Number Density,
Dimensions, of g/cm3 Space
Phase Type A Molecules X-Ray Other Group Remarks
USb Fcc a=6.191 4 ) NaCl structure;iso-
morphous with UN,
UP, and UAs
U3Sbg Cubic a =9.095
USbh» Tetragonal a =4,272
c =8.741

References

(1) Ferro, R., Atti accad. nazl. Lincei. Rend., Classe sci. fis., mat, e nat., 13, 53-61
(1952).

(2) Ferro, R., Atti accad. nazl, Lincei, Rend., Classe sci. fis., mat, e nat., 13, 151-157
(1952).

(3) Katz, J., J., and Rabinowitch, E,, The Chemistry of Uranium, Part I, McGraw-Hill
Book Company, Inc., New York (1951), pp 241-2.

{4) Hayes, E. E., and Gordon, P,, TID-65, 130-141 (July, 1948). Classified.

URANIUM-ARSENIC

There is evidence supporting three intermetallic compounds in the uranium-arsenic
system, but little else is known about these alloys.
Crystallography

The crystallography of UAs and UAsy compounds is summarized below. The data for
UAs are those of Rundle(l), Ferro(2) reports that UAs is similar in structure to USb, UN,

UP, and UBIi,

On the basis of X-ray studies, landelli(3,4) réports the existence of UAs, U3Asg4, and
UAs
2.

Katz and Rabinowitch(5) have surveyed information on this system.

Unit Cell
Number Density,
Dimensions, of g/cm

Phase - Type A ) Molecules X-Ray Other Remarks

UAs Fcc a=5,767%0.01 4 10,77 NaCl structure, iso-
morphous with rare-
earth arsenides of
La, Ce, Pr, Nd

UAs; Tetragonal a = 3.954 2 9.8 Isomorphous with UP;

c=28.116

13
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URANIUM-BERYLLIUM

BERYLLIUM, w/0
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The Constitutional Diagram

The diagram shown here is the work of Buzzard and co-workers(l), It represents the
results of much difficult and trying work, since the atomic-weight ratio of uranium to beryl-
lium is very high. The work was further complicated by the high volatility of beryllium at
elevated temperatures, In general, the less elaborate work of other investigators is in
agreement with this diagram. No confirmation exists for the tentatively proposed high-
temperature modification in beryllium, which is designated as zeta () in the diagram. De-
tails of the monotectic reaction are amplified in the inset of the diagram.

Buzzard reports that the eutectic between uranium and UBe]3 occurs at a composition
of less than 5 a/o beryllium (0.2 w/o)., He also reports that the solubility of beryllium in
uranium is small and that of the solubility of uranium in beryllium has not been detected, (1)

The National Physical Laboratory reports that the solid solubility of beryllium in
uranium is between 2.8 and 8.4 a/o beryllium. The beryllium-rich eutectic contains about
0.06 a/o uranium{4).

14
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Crystallography

Data for UBe] 3 are summarized in the accompanying tabulation(2, 3). There is no doubt
that the unit cell is complex, although first studies tended to indicate a simple cubic struc-
ture with a lattice constant of about 5 A, Baenziger and Rundlel{2) studied a whole series of
MBe]3 compounds where M was uranium, thorium, cerium, and zirconium. Study of rota-
tion and Weissenberg diagrams of single crystals of ZrBe]3 revealed the more complex
structure, On closer inspection, they found that the (531) reflection, which requires the
larger unit, could be seen on powder diagrams. Their data were calculated from back-
reflection data obtained with a symmetrical, self-focusing powder cameral2},

Koehler and co-workers(3) studied single crystals of UBe) 3 by both X-ray- and neutron-
diffraction methods, Their work is in complete agreement with that of Baenziger and
Rundle(2),

Unit Cell
Number Density,
Dimensions, of g/cm3 Space
Phase Type A Molecules X-Ray Other Group Remarks
Delta Fcc a = 10,2568 e 8 4,373 4.420 * Fm3c Isomorphous with
(UBe13) 0.0001 0.002 NaZn)3, ThBej3,
at 26 C CeBe)3, and ZrBe,3

References

(1) Buzzard, R. W., Sterling, J. T., Buzzard, E. A,, and Darr, J. H. (AECD-3417),
J. Res. Natl. Bur, Standards, 50, 63-67(2), (1953).

(2) Baenziger, N. C,, and Rundle, R, E., "The MBe]3 Compounds' (AECD-2506), Acta
Cryst., 2, 258 (1949).

(3) Koehler, W. C., Singer, Joseph, and Coffinberry, A, S,, "X-Ray and Neutron Diffrac-
tion Studies of the MBe] 3 Intermetallic Compounds' (AECD-3298), Acta Cryst,, 5, 394
(1952).

(4) National Physical Laboratory, United Kingdom, unpublished information (October, 1948).
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The Constitutional Diagram

The original study of the uranium-bismuth system was performed by Ahmann and
Baldwin{l), Their data indicated the existence of two compounds, UBi and UBip, and their
diagram, although incomplete, had all the major features of the system as it is now inter-
preted, The work of Teitel 2) and Ferrol3 brought about revision of the system as it is
shown here and identified the compounds as UBi, U3Bi4, and UBij3.

Determinations of the solubility of uranium in bismuth by Greenwood(é), who used
filtration, by Cotterill 7), who used thermal analysis, and by Bareis(8), who used filtration
and flotation techniques, are substantially in agreement with the diagram as shown. Green-
wood(6) found the solubility obeyed the relationship log)q (uranium, w/o) = 3.00 - 2440

2
where T is the absolute temperature, and obtained the following values: T
Temperature, C 515 546 502 668 722 760 796 816 898 960
Solubility, w/o 0.7 0.9 1.3 2.7 3.5 5.1 6.7 9.3 13.9 19,6

The values of Bareis{8) agree well with those of Greenwood, but since they cover a
different temperature range, the values are given below:

Temperature, C 271 300 350 400 450 500 550 600 650 700

Solubility, w/o 0.031 0.051 0.108 0.21 0.36 0.60 0.97 1.47 2.18 3.1
16
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Crystallography

Data on the crystallography of the intermetallic compounds in this system are sum-
marized in the tabulation below.

The structure of UBi is from the work of Teitel{2) and was determined by means of
neutron-diffraction experiments. Both Ferrol(3) and Brewer(4) have reported the UBi struc-
ture to be face-centered cubic and give lattice constants of a = 6,356 A and a = 6,364 A,
respectively.

The data for U3Bi4 and for UBip are from the work of Ferrol3, 5),

Unit Cell
Number Density,
Dimensions, of g/cm3 Space

Phase Type A Molecules X-Ray Other Group Remarks
Delta Bc tetrag- a =11,12 24 13.6

(UBi) onal c = 10,55
Epsilon Cubic a = 9,350 4 12,59

(U3Biy)
Zeta Tetrag- a = 4,445 2 12, 38 P4/nmm C38-type

(UBip) onal c = 8.908 structure
References

(1) Ahmann, D, H,, and Baldwin, R, R., "The Uranium-Bismuth System!', CT-2961
(November 12, 1945),

(2) Teitel, R, J., "Uranium-Bismuth System', Trans, A.I. M. E,, 209, 131-6 (1957).

{(3) Ferro, Ricardo, '"Alloys of Uranium With Bismuth II'', Atti accad, nazl. Lincei. Rend,
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(4) Brewer, L., Edwards, R, K,, and Templeton, D. H,, '""The Crystal Structure of UBi",
AECU-653 (November 15, 1949).

(5) Ferro, Ricardo, '""Alloys of Uranium With Bismuth'", Atti, accad, nazl. Lincei. Rend,,
Classe sci. fis., mat. e nat,, 13, 401-5 (1952).

(6) Greenwood, G. W., '""The Solubilities of Uranium and Thorium in Liquid Bismuth",
A.E.R.E, M/R 2234 (June, 1957).

(7) Cotterill, P., United Kingdom, unpublished information (April, 1957),

(8) Bareis, D, W., "Liquid Reactor Fuels: Bismuth-Uranium System'', BNL-75
(September 15, 1950),

URANIUM-BORON

Although the diagram has not been completed some data are available on the general
characteristics of the uranium-boron system. The system contains three intermetallic com-
pounds: UBj, UB4, and UBlz(l). The portion of the diagram between pure uranium and UBp
has been studied(2) and determined to be of simple eutectic form with the eutectic tempera -
ture between 1120 and 1128 C, The melting point of UB2 is 2440 C, UBg4 exhibits a higher
melting temperature(3) and forms a eutectic with UB2 well above 1565 C,

The compound UB}2 is reported to be too unstable for refractory usel3) and it does not
exist at as such high temperatures as do UB, and UB4,
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Crystallography

The crystallography of UB3, UB‘4, and UB]2 is summarized below. The lattice con-
stants for UB) are reported by Daane and Baenziger(l). Similar results are reported by
Brewer(3), but the lattice constants are given as a = 3,136 = 0,006 A and ¢ = 3,988 + 0,008 A.

The lattice constants of UB4 are taken from the work of Brewer(3), Similar but slightly
lower values are reported by Bertaut(4), Both Bertaut(4) and Zalkin(5) report the space group
of UB4 to be P4/mbm,

The data for UB12 are the work of Andrieux and Blum(6), Additional discussion of the
uranium borides can be found in The Chemistry of Uranium(7),

Unit Cell
Number Densit;y,
Dimensions, of g/cm Space

Phase Type : A Molecules X-Ray Other. Group Remarks
UB, Hexag- a = 3.12 1 12,82 12.8 Axial ratio suggests it

onal ¢ = 3,96 may be isomorphous

with AlB2

UBg4 Tetrag- a = 7.075 @ 0,004 4 P4/mbm Isomorphous with

onal ¢ =3,979 % 0,002 ThB4 and CeBy
UB;» Fcc a =7.473 4 5,825 Fm3m

References
(1) Daane, Adrian, and Baenziger, N. C,, unpublished information {July 18, 1949).

(2) Howlett, B, W,, and Marriott, B., Associated Electrical Industries Research Labora-
tory, United Kingdom, unpublished information (March, 1957),

(3) Brewer, L., Sawyer, D. L., Templeton, D. H,, and Dauben, C. H., "The Borides of
Uranium and Thorium' (AECD-2823), J. Chem. Phys,, _l_g, 391 (1950).

(4) Bertaut, F., and Blum, P., "The Structure of the Borides of Uranium'", Compt. rend.,
229, 666-667 (1949).

{5) Zalkin, A., and Templeton, D. H., "The Crystal Structure of CeB4, ThB4, and UB4",
Acta Cryst,, 6, 269-272 (1953); J. Chem. Phys., 18, 391 (1950},

(6) Andrieux, J. L., and Blum, P., Compt. rend., 229, 210 (1949),

(7) Katz, J. J., and Rabinowitch, Eugene, The Chemistry of Uranium, Part I, McGraw-
Hill Book Company, Inc., New York (1951), p 214.

URANIUM-CALCIUM

There are very few data on the uranjium-calcium system. However, in attempts to pre-
pare calcium alloys, Ahmannl(1) found no reaction between uranium and calcium after as much
as 24 hr at 800 C,

Crystallography

There are no compounds in the uranium-calcium system.

Reference

(1) Ahmann, D. H., '"Note on Attempts to Prepare Magnesium and Calcium Alloys of
Uranium'", CT-2959 (December 5, 1945).
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The Constitutional Diagram

The constitutional diagram for uranium-carbon shown in the accompanying figure(1) has
been revised to show the allotropic transformation of UC2 from tetragonal to face-centered
cubic at 1820 + 20 C(2), Two additional compounds, UC and U2C3, are found in the system.
Early investigators(3) did not discover U2C3 by X-ray examination but had indirect indications
that U,C3 might exist at high temperatures and decompose during cooling. Later, Mallett and
co-workers(4) obtained the sesquicarbide by heating the proper uranium-carbon composition
in the range 1250 to 1800 C and then subjecting it to a slight stress. The requirement of
residual stress for the formation of U2C3 has since been confirmed(2). The sesquicarbide
formed by this technique is stable from room temperature to 1840 + 20 C.

UC and UC are reported to be mutually soluble in the region above the sesquicarbide‘l’z),

Solubilities of carbon in gamma uranium have been reported by Blumenthal(5) as follows:

Temperature, C Solubility, ppm
800 65
950 70
975 80
1000 90
1020 110
1050 115
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Crystallography

The crystallography of the uranium carbides is summarized in the tabulation below.
The data for UC are from Rundle(®). wilson(2) gives values of 4.9614 and 4.9597 % 0. 0005 A

for UC at room temperature, and Litz 7 reports a value of a =4.955 A. The data for UyCj are
from Mallett(4); a value of 0,8070 = 0. 0005 A is given by Wilson{?). The data for the tetragonal

and face-centered cubic forms of UC, are from Wilson. Similar data are reported by
Rundle(é), who reports values of a =3.524 and ¢ =5.999, and by Litz{7) who gives lattice
constants of a =3.54 and ¢ =5.99 A.

Discussion of this system can also be found in The Chemistry of Uranium(8),

Unit Cell
Number Density,
Dimensions, of g/cm3 Space
Phase Type A Molecules X-Ray Other Group Remarks
Delta) Fcc a =4,961 4 13,63 NaCl -type
(UC) structure
Epsilon Cubic a = 8,088 8 12,88 143d
{U2C3)
Zeta Bc tetrag- a =3,516 2 11,68 14/mmm CaCjp -type
(UC2) onal c=5,972 structure
Delta, Fcc a =5,472 4 CaFjp-type
(UC») structure;
data for
1820 C
References
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(5) Blumenthal, B., "Uranium Alloy Newsletter', WASH-296, 10 (March, 1956).

(6) Rundle, R, E., Baenziger, N. C,, Wilson, A. S., and McDonald, R. A., "The Struc-
tures of the Carbides, Nitrides, and Oxides of Uranium", J. Am. Chem. Soc., 70, 99-05
(1948). o

(7) Litz, L., Garrett, A, B,, and Croxton, F. C., "Preparation and Structure of the Car-
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URANIUM-CERIUM

Only limited data exist for the uranium-cerium system,

Uranium and cerium are only partially miscible in the liquid state, (1,2,3,4) There is
evidence of a eutectic at the uranium end of the system, perhaps at about 1000 C. (2,3) The
solubility of cerium in liquid uranium is reported to increase from 1,0 w/o at 1150 C to 1.5
w/o at 1250 C, while the solubility of uranium in cerium increases from 1.3 w/o at 1000 C to
3.5 w/o at 1250 C,(4)
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Crystallography

There are no compounds in the uranium-cerium system.

References
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The Constitutional Diagram

Chromium is one of the few elements which forms a eutectic with uranium, without in-
tervening intermetallic compounds, The diagram which is shown here is based largely on the
work of Daane and Wilson(l), who studied the system by X-ray, thermal, and metallographic
techniques. The eutectoid isotherms were revised by Saller, on the basis of both ther-
mal and dilatometric measurements, The eutectic composition appears to be slightly less
than 20 a/o chromium, or about 19,4 a/o chromium{2), This composition was determined by
using a series of low-carbon cast samples. The work of Mott and Haines(3) confirms the
diagram presented here.

The solubility of uranium in chromium is slight, and the solubility of chromium in
uranium is limited{!), In the gamma uranium, the solubility of chomium is variously re-
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ported to be 4 a/ol{1) and greater than 5 a/o{3). On the basis of the behavior of beta-treated
alloys during isothermal transformation in the alpha region(4), the solubility in beta-uranium
is estimated to be about 1,5 a/o chromium. The solubility of chromium in alpha-uranium is
somewhat less than in the beta, but is not knownt1,

Bloom and Grant{5) have reported that an allotropic change occurs in chromium just
below its melting point, but this change is not confirmed by McCaldin and Duwez(6)., In
either case, this portion of the diagram would be relatively unimportant for working with
these alloys.

Crystallography

There is no compound in the uranium-chromium system.
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The Constitutional Diagram

The diagram shown is that of Waldron and Browne(l) and is in agreement with the earlier
work of Noyce and Daane(2) except at the cobalt-rich end, where Waldron and Browne report a

larger solubility range for UCo, and three additional compounds with compositions UCoj, UCoy,
and U2Co};j.

Crystallography

The crystal structures are known for three of the six compounds(3). The compound UgCo
is isomorphous with UgMn, UgFe, and UgNi, The observed unit-cell volume:for all these phases
is nearly equal to the volume calculated by addition of atomic volumes, or about 550 A3, The
atomic positions can be described on the basis of space group I4/mcm, although a possible
variation from their positions in space groups I42 and 14c2 has not been eliminated.

The structure of UCo, has been reported by both Baenziger(3) and Waldron and Browne,
the latter claiming a large variation of unit cell size with composition, UCo, has the Cl15,
MgCu, structure and is isomorphous with UFe; and UMn2 but not with UNi,, which has the
Cl4, MgZn, structure, Ternary alloys involving these phases are reported in the section
devoted to ternary alloys.
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Crystal structures have not yet been reported for the remaiﬁing'phases.

Unit Cell
Number
Dimensions, of Density, g/cm3 Space
Phase Type A Molecules X-Ray Other Group Remarks
Delta Bc tetragonal 10,36 £ 0,02 4 17.7 I4/mcm Isomorphous
(UgCo) 5.21 £ 0,02 142 or with UgMn,
4c2 UgFe, and
UgMn
Epsilon Bec 6.3557 % 8 15, 37 143m or
(UCo) 0.0004 12,3
Zeta Fcc 6.929 to 8 13,83 Fd3im C15, MgCu,
(UCo)y) 7.000 structure;
isomorphous
with UFe;
and UMn;,
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The Constitutional Diagram

The system uranium-copper has been studied and a diagram has been constructed on the
basis of information obtained by X-ray diffraction, thermal analysis, and metallography(l).
The diagram is self explanatory. The region of immiscibility above 1080 C is reported to ex-
tend from 1.5 to 48 w/o copper. The immiscibility was found to exist in 5 and 45 w/o copper
alloys at 1550 C and in a 25 w/o copper alloy at 1850 to 1900 cll),

Data from the United Kingdom(2’3) indicate that an additional compound, or compounds,
may occur in this system. This indication is not supported by the work of Wilhelm and
Carlson(l), although a small thermal break was observed at 860 C in the uranium-rich portion
of the system. This break conceivably could be related to the presence of an additional com-
pound, although it was considered to be the result of contamination at the time of the study. If
an additional compound is present in the system, it is surely in the high-uranium region, since
X-ray studies showed that UCug and copper exist together in copper-rich alloys(l).

There is evidence of slight solubility of uranium in UCus. There is no evidence of
appreciable solubility of uranium in copper, or of copper in uraniumf1),

Crystallography

The structure of UCug has been determined by Baenziger(4). The data on this compound
are tabulated below, The dimensions of the face-centered cubic unit cell vary from 7,033 =%
0.002 to 7.038 + 0,001 A, indicating a slight solubility of uranium in UCus.

Wilhelm and Carlson(l) have reported a lattice constant of a = 7, 0208 = 0,002 A, The
calculated and observed densities are 10,60 £ 0,02 and 10,6 g/cm3, respectively.

Unit Cell
Number Density,
Dimensions, of g/cm3 Space
Phase Type A Molecules X-Ray Other Group Remarks
Delta Fcc 7.033 % 0,002 4 F43m or Isomorphous with
(UCus) to 7.038 % F23 UNig, PdBes,
0,001 and AuBeg

References

(1) Wilhelm, H. A,, and Carlson, O. N,, '"The Uranium-Manganese and Uranium-Copper
Alloy Systems' (AECD-2717), Trans. Am. Soc. Metals, 42, 1311 (1950},

(2) Fulmer Research Institute, United Kingdom, unpublished information (1952-1953),
(3) Swansea University College, United Kingdom, unpublished information (May, 1951).
(4) Baenziger, N, C., Rundle, R. E,, Snow, A. I., and Wilson, A, S,, "Compounds of

Uranium With the Transition Metals of the First Long Period" (AECD-2598), Acta Cryst. ,
3, 34-40 (1950),

URANIUM-DYSPROSIUM

Uranium and dysprosium exhibit an immiscibility gap in the liquid state, Solubility
of dysprosium in liquid uranium is reported to increase from 0. 15 w/o at 1150 C to 0. 2 w/o
at 1250 cf1),

Crystallography

Nothing is known concerning the possibility of compounds in this system,

Reference

(1) Wilhelm, H. A., "Nuclear Fuels Newsletter'", WASH-704 (December, 1957). Classified.
25



URANIUM-ERBIUM

Uranium and erbium exhibit an immiscibility gap in the liquid state. Solubility of
erbium %rf)liquid uranium is reported to increase from 0, 15 w/o at 1150 C to 0.2 w/o at
1250 C.

Crystallography

Nothing is known concerning the possibility of compounds in this system,

Reference

(1) Wilhelm, H. A., "Nuclear Fuels Newsletter', WASH-704 (December, 1957). Classified.

URANIUM-EUROPIUM

Uranium and europium show little miscibility in the liquid state., The solubility of
europium in liquid uranium is reported to be 0,15 w/o at 1150 C and 0, 2 w/o at 1250 C, while
uranium solubility in europium is given as 0.5 w/o at 1000 C and 1.3 w/o at 1250 C. (1)

Crystallography

Data concerning the possibility of compounds in this system are not available.

Reference

(1) Wilhelm, H. A., "Nuclear Fuels Newsletter'', WASH-704 (December, 1957). Classified.

URANIUM-GADOLINIUM

Uranium and gadolinium exhibit an immiscibility gap in the liquid state. Solubility of
gadolinium in liquid uranium is reported to increase from 0,075 w/o at 1150 C to 0. 15 w/o at
1250 c. (1)

Crystallography

Nothing is known concerning the possibility of compounds in this system.

Reference

(1) Wilhelm, H. A, , "Nuclear Fuels Newsletter'", WASH-704 (December, 1957). Classified.
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The Constitutional Diagram

The liquidus of the system has been determined by Jaffee. (1) In addition, evidence of
two compounds has been reported., Maskrey and Frost 2) reported UGaj3, while Dempster{3}
reported UGa). Because work in the United Kingdom(4) tends to support the presence of the
second compound, it is included with the other data to give a tentative diagram,

Judging from the liquidus and a reported melting point of about 1300 C for UGa3(4) , it
seems likely that UGa3 melts congruently. The compound UGaj, if present, may be stable
to some lower temperature,

There appears to be a eutectic at the high-uranium end of the system where a dip in
the liquidus occurs. Jaffee(1) found little solubility of uranium in solid gallium. He found
the melting point of gallium virtually unaffected by small additions of uranium. On the other
hand, it was reported from the United Kingdom that a eutectic occurs at 14 a/o uranium and
about 28 C(4), This report is in serious disagreement with the liquidus as shown. Since com-
plete information is not available, a full evaluation cannot be made.

Jaffee's method for determining the liquidus was rather simple; he determined solubility
by feeling with a stirring rod to determine whether uranium was present in the bottom of a
crucible of gallium(l), In spite of the simplicity of his method, the resulting data connect
nicely with filtration data obtained by Hayes(5) and Wilkinson(6) for temperatures of 700 and
500 C at the gallium end of the system.

The solid solubility of gallium in uranium is reported to be very low(6),
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Crystallography

The data for UGa3 shown in the tabulation below are from the work of Frost and
Maskrey(z), Iandelli has also reported UGa3, giving a lattice constant a = 4, 249 A7) UCra2
data reported by Dempster 3) were not available,

Unit Cell
Number Density,
Dimensions, of g/cm3 Space
Phase _Type A Molecules X-Ray Other Group Remarks
UGa, No data available
UGa, Simple a = 4, 2475 1 9. 686 Pm3m Ll2-type, AuCu3 ordered
cubic structure; isomorphous

with UA13 USnBl, Uln3,
USi3, UGe3, UPbjy
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URANIUM-GERMANIUM

No information is available on the constitution of the uranium-germanium alloys,
except that a compound, UGe3, has been identified{1l, 2},

Crystallography

The crystallography of UGe, as reported by Maskrey and Frost(2) , is shown below,
Iandellil}) reports a value of a = 4. 198 A for UGejs, and reports UGas, Uln3, UTl3, USij,
and UPbs to have similar structures.

Unit Cell
Number
Dimensions, of
Phase Type A Molecules Space Group Remarks
UGe3 Simple cubic a =4, 2062 1 Pm3m Ll2-type structure,

isomorphous with

UAly, USnjy, USi,y,

UGaj, Ulny, UPb,
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The Constitutional Diagram
The uranium-gold system has been studied by Buzzard(!). The diagram shown was con-

structed from data obtained by thermal, microscopic, and X-ray analyses,

The uranium-rich eutectic is reported to occur at 1105 C and 10.5 a/o gold. The gold-
rich eutectic is reported to occur at 87,5 a/o gold and 852 C, (N

Two compounds were identified by Buzzard, although the structures have not been
determined. The compounds appear to be delta (UzAus) ‘and epsilon (UAu3). (1)

The solubility of uranium in gold appears to be between 0. 2 and 0.3 a/o at 852 C, while
the solubility of gold in uraniurm is approximately 6 a/o at 1105 C, (1)

Additions of gold lower the transformation temperatures of uranium to 738 and 647 C,
as shown in the di‘_agram(l).

Data from the United Kingdom do not agree well with this diagram, The National
Physical Laboratory reports that as many as six compounds may be present in the system, (2)
The completeness of the diagram by Buzzard and the apparent agreement of data obtained by
X-ray diffraction, thermal analysis, and metallographic examination lend strong support to
the diagram shown.

Crystallography

No information is available on the crystal structure of the compounds in the uranium-
gold system.
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URANIUM-HOLMIUM

Uranium and holmium exhibit an immiscibility gap in the liquid state,
holmium in liquid uranium is reported to increase from 0. 025 w/o at 1150 C to 0. 075 w/o

at 1250 G, (1)

Crystallography

Nothing is known concerning the possibility of compounds in this system.
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The Constitutional Diagram

The uranium-hydrogen system has received considerable study, Diagrams illustrating
the solubility of hydrogen in uranjum at l-atm pressure and at high pressure have been deter-
mined and are shown, (1) Work done since the diagrams were developed has shown that the
diagrams are useful; the data are reproducible by the original techniques.

The data were determined by an absorption technique. In this process a sample of
uranium rod, dry abraded under argon, is introduced into a gasometric apparatus which is
evacuated and then filled with a measured amount of hydrogen, The amount of hydrogen ab-
sorbed is calculated from pressure changes in a known volume. The precision of the method
is £0, 2 ppm for a 25-¢g sample(l).

Mattraw(2) reports a solubility of 3.0 ppm at 295 C and 100-u pressure, These data
disagree with those of Mallettf1) by a factor of 250, However, it is probable that Mattraw had
not observed true interstitial solution of hydrogen, but rather chemisorption on the surface of
his finely divided sample. Samples of small surface-to-mass ratio do not show the anoma-
lous high hydrogen pickup. (1

Many people have contributed to the present knowledge of UHj, the only hydride in this
system. It has been shown that UH; exists in two crystallographic forms. (3,4) Delta UH4
(called "alpha' UHj3 by Mulford), the more recently discovered form, has been produced by
reacting uranium powder with hydrogen gas at 25 to minus 80 C(3), by reacting massive ura-
nium with hydrogen gas at minus 40 C, and by electrolysis of a solution of HC1O4 or Na,CO3,
where uranium is used as the cathode(4), Mulford suggests that delta is metastable. The
vield of delta increases as the temperature of formation is decreased. 3)

Once formed, delta does not decompose during annealing at 100 C but does decompose
at 250 C. No attempt was made to show the delta phase in the diagram because epsilon
(""beta'" UH3) is the phase commonly observed,

Crystallography

Uranium hydride has been shown to exist in two forms., Data for both delta and epsilon
are given in the tabulation along with data for epsilon (''beta') UD,.

The data for delta UH, are from Mulford(3), caillat(4) has confirmed this information,
He reports that a = 4,161 + 0,002 A and density is 11.1 g/cm3.

The data for epsilon UH; and epsilon UDj are from Rundle. (5,6) These compounds
were studied by X-ray, although the structure was resolved through neutron-diffraction stud-
ies of epsilon UDj3. The epsilon UH, reported by Rundle was prepared under a pressure of
1800 psi at 500 to 600 C, (6} Hydride prepared at lower pressures yielded lattice constants of
a=6,32+ 0,001 A, Slightly higher values were obtained in earlier work(7,8),

The hydrogen atoms in epsilon UHj are reported to lie in distorted tetrahedra, equi-
distant from four uranium atoms with uranium-hydrogen distances of 2.32 A, There are two
types of structures, each with 12 nearest hydrogen atoms at this distance, The proposed
sbpace group is Pm3n, with parameters for 24 (k) of y = 0,155 + 0,02 and Z = 0,31 + 0,02,
These values are sufficiently close toy = 0,156 and Z = 0,313 to put each hydrogen atom equi-
distant from four uranium atoms. The structure gives satisfactory agreement between calcu-
lated and observed intensities.

The structure of epsilon UHj is unique and is not entirely understood, but it is reported
that no metallic uranium-uranium bonds of importance are present in the structure., The
hydride is assumed to be held together by uranium-hydrogen interactions. Rundle suggests

that these interactions may be described in terms of delocalized covalent bonds A

The work of Gibb(9) may be of general interest.
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Unit Cell
: Number Density,
Dimensions, of g/cm3 Space
Phase Type A Molecules X-Ray Other Group Remarks
Delta Cubic a=4,160 = 2 Pm3n
("alpha') UH3 0,001
Epsilon Cubic a=6.6310 % 8 10.92 10.95 Pm3n
("'beta'') UH4 0,0008
Epsilon Cubic a=6.620=% 8 11,11 Pm3n
("beta'") UD, 0,002
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URANIUM-INDIUM

A compound, Ulng, has been identified, {1,2) Solubilities of uranium in liquid indium
have been reported(3) as given below:

Temperature, C 600 650 700 750 800 850 900

Solubility, w/o 0,08 0.10 0.15 0.25 0. 45 0.70 1.05

Crystallography

An intermetallic compound, Ulnj, has been reported.(l’z) Data for Ulny are sum-
marized below(2), Iandelli{l) reports the same structure, but gives a slightly lower lattice
constant, a = 4.588 A, He has studied the following UX3-type compounds: Ulnj, UGajz, UTl,,
USi3, UGe;, and UPbj. :

Unit Cell
Number Density,
Dimensions, of g/cm3 Space

Phase Type A Molecules X-Ray Others Group Remarks

Ulng Fcc a=4,6013 1 Pm3m Ll2-type structure, iso-
morphous with UGas,
USi;, UGes, UPbg,

32 USn3, and UA13
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URANIUM-IRIDIUM

The solubility of iridium in uranium at 890 C is reported(l) to be about 3 a/o. A com-

pound, Ulr,, has been identified,

Crystallography

An intermetallic compound, Ulr,, has been reported(z). It has the C15, MgCu,

structure,
Unit Cell
Number Density,
Dimensions, of g /em3 Space
Phase Type A Molecules X-Ray ~Other Group Remarks
Ulr, Fecc a =7.509 8 19.62 Fd3m C15, MgCu, structure
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The Constitutional Diagram

The uranium-iron diagram has been determined independently by Kaufmann{1l) and by
Grogan(z) and has been studied by Foote{3), The diagram shown is Kaufmann's, The liquidus
points and the isotherms reported by Grogan vary slightly from those of this diagram; other-
wise, the two diagrams are identical,

Grogan(z) reports some details of the uranium-rich alloys. Solubilities of iron in ura-
nium taken from this work are tabulated below,

Phase Temperature Solubility, w/o
Alpha 660 C Nil
Alpha-beta isotherm <0.02 iron
Beta Alpha~beta isotherm <0.02 iron
Beta-gamma isotherm 0.1 iron
Gamma Beta-gamma isotherm 0.2 1iron
UgFe peritectic 0,35 iron

The solubility in the gamma region depicted in the accompanying diagram(l) agrees well with
the data above. "

Crystallography

The structure of UgFe has been determined by Baenziger(4) and is isomorphous with
UgMn, UgCo, and UgNi. The observed unit-cell volume for UgFe (557 A3) is quite close to
the volume calculated by assuming additivity of atomic volumes (547 A3y,

The data tabulated for UFe, are from the work of Grogan(z). Kaufmann(1) has reported
a slightly higher value for the lattice, a = 7.050 A. Similar data have been reported by
Baenziger(4) and Brook(5), indicating that UFe,, UMn;, and UCo) are isomorphous and are
the Cl5-type MgCu, structure. The compound UNi; is reported to have the Cl4-type MgZn,
structure. Ternary alloys involving all of these phases are described in the section devoted
to ternary alloys.

Unit Cell
Number Density,

Dimensions, of g/cm Space
Phase Type A Molecules X-Ray Other Group Remarks
Delta Bc tetrag- a = 10,31 % 4 17.7 14/mcm, Isomorphous with
(UpFe) onal 0. 04 142, or UgMn, UgCo,

c=5.24= I4c2 UgNi

0.02

Epsilon Fcc a =7.042 8 13,21 Fd3m Cl5-type, MgCujp
(UFey) structure iso-

morphous with UAlL;
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URANIUM-LANTHANUM

Uranium and lanthanum show little miscibility in the liquid state.(1:2) The solubility of
lanthanum in liquid uranium is reported to be 0.75 w/o at 1150 C and 0.90 w/o at 1250 C,
while uranium solubility in lanthanum is given as 0.3 w/o at 1000 C and 1.0 w/o at 1250 C. (1)

Crystallography

Data concerning the possibility of compounds in this system are not available.
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The Constitutional Diagram

The major features of the uranium-lead system are agreed upon by all investigators,
The diagram shown is from Teitel{l), The results of Maskrey and Frost(2) differ only in that
the compound delta (UPb) is shown to melt congruently at 1280 C and no region of immisci-
bility is shown above 1280 C. The interpretation of Maskrey and Frost{2) is based on thermal
analyses, while Teitell1) depicts the immiscibility gap on the basis of chemical analyses of
liquated alloy samples. Separated layers formed by liquation analyzed 41 to 43 w/o uranium
and 97,4 to 98.5 w/o uranium. It is difficult to account for such a large difference in compo-
sition unless a region of immiscibility exists.

The compounds UPb and UPbj are pyrophoric and are therefore difficult to study. The
compound UPb is reported to be more pyrophoric than is UPb3(Z).

The solubility of lead in uranium is quite low, and lead additions have little effect on
the phase transformations in uranium. The uranium-rich eutectic is reported to occur at
99.6 w/o uranium.(2)

The solubility of uranium in lead has been determined by Teitel(5), who quotes solubili-
ties of 0,002, 0,046, 0,26, and 0,59 w/o at 416, 612, 806, and 1000 C, respectively.
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Crystallography

The structure of UPb has been reported by Teitel{5), Numerous determinations of the
structure of UPby have been made, and parameters of 4,73 A(4), 4.795 A(3), and 4.7934 A(2)
have been reported. The structure in the tabulation is from Maskrey and Frost(2), but the
parameter is from Teitel(5),

Unit Cell
Number Density,

Dimensions, of g/cm3 Space
Phase Type A Molecules X-Ray Other Group Remarks
Delta Bc tetrag- a=11.04 48 13,7 -- -- --
(UPD) onal c =10,60
Epsilon Simple a=4.,791 1 12.98 - Pm3m L12, AuCuy ordered
(UPb3) cubic structure iso-

morphous with
UAljz, UGa3z, Ulnj,
USi3, UGesy, and
USns.
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URANIUM-LUTECIUM

Uranium and lutecium exhibit an immiscibility gap in the liquid state. Solubility of
lutecium in liquid uranium is reported to increase from 0.2 w/o at 1150 C to 0,4 w/o at
1250 c. (1)

Crystallography

Nothing is known concerning the possibility of compounds in this system,
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The Constitutional Diagram

The magnesium-uranium diagram shown has been worked out by investigators at Ames
Laboratory. (1) The immiscibility of the two metals has been cited by others(2,3),

Early work on this system gave evidence of intermetallic phases and thus led to a faulty
conception of the system, The later work of Tracy, Chiotti, and Wilhelm(1) provides not only
a complete diagram but also an explanation of early erroneous information, It was found that
the method of preparation of diffusion and liquation samples was important; if magnesium and
uranium were heated together in ordinary crucible materials, uranium carbide or uranium
silicide layers, depending on the refractory material, were formed between the uranium and
magnesium layers.

Two techniques were found to be especially successful in this work. The first involves
heating massive uranium or uranium shavings in molten magnesium in a crucible consisting
of 90 w/o0 magnesium oxide and 10 w/o magnesium fluoride. The other technique consists of
melting magnesium and holding it molten in a uranium container, Both methods avoid collec-
tion of contaminants at the interface of the two immiscible metals(1},

Diffusion samples prepared by holding magnesium in a uranium crucible for 24 hr at
1015 C showed no evidence of diffusion bands or intermetallic compounds,(l) The work de-
scribed appears to be quite thorough, since a variety of techniques, including thermal analy-
sis, X-ray studies, microscopic examination and diffusion or liquation tests were utilized. (1)

Y
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Uranium and magnesium are almost completely immiscible, even at high temperatures.
At 1150 C and 3-atm pressure, 0.14 w/o uranium is soluble in magnesium, while only
0.004 w/o magnesium is soluble in uranium. The solubility of uranium in magnesium is re-
ported to decrease to 0.05 w/o at 675 C and to 0,005 w/o at 650 C.{1) In a more recent deter-
mination of uranium solubilities in magnesium, values of 0,002 w/o at 650 C and of 0,17 w/o
at 1132 C were obtained. (4}

The melting points of magnesium and uranium and the transformation temperatures in
uranium are affected very little in these alloys.

Crystallography

There are no compounds in the uranium-magnesium system.
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The Constitutional Diagram

The constitutional diagram of uranium-manganese is shown in the accompanying fig-
ure{l). The system has two intermetallic compounds, UgMn and UMnj,. The general charac-
teristics of the system are confirmed by data from the United Kingdom. (2} Although some
difference in data occurs at the manganese end of the system, there is not enough information
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available to evaluate this region. Data from the United Kingdom(2) indicate that gamma
manganese, designated theta, is stabilized to room temperature by small additions of ura-
nium. On the other hand, Wilhelm(1) reports that beta manganese, designated as zeta, is
stabilized to room temperature in the region between epsilon (UMnj) and 100 per cent manga-
nese. All data indicate that uranium is soluble in manganese to some extent, but little actual
detail is known,

It has been reported(z) and confirmed(3) that beta uranium can be retained by small
additions of manganese.

The solubility of manganese in uranium has been reported to be less than 4,3 a/o man-
ganese {1 w/o) in the gamma and about 1.1 a/o manganese at 626 C{1),

Crystallography

The structures of UgMn and UMn; are described in the tabulation. The intermetallic
compound UgMn has been thoroughly studied by Baenziger(4) and is isomorphous with UgFe,
UgCo, UgNi. It has a unit cell volume of about 550 A3, which is quite close to the volume
determined or estimated by addition of atomic volumes. The atomic positions can be de-
scribed on the basis of space group I4/mcm, although a possible variation from these posi-
tions in space groups I42 and I4c2 has not been eliminated,

Nearly identical data have been reported for UMn;, by Baenziger(4) and by Bowles(5),
The data tabulated are from Baenziger. The compound UMn,; is the C15-type MgCu;, struc-
ture. Bowles reports the lattice constant to be a =7. 146 A, The compound UMn} is iso-
morphous with UCo, and UFe) and may be isomorphous with other uranium compounds. The
compound UNi;, however, is unique and crystallizes in the Cl4-type MgZn, structure.
Ternary alloys involving these phases are reported in the section devoted to ternary alloys.

Unit Cell
Number Density,
Dimensions, of g/cm3 Space
Phase Type A Molecules X-Ray Other ‘Group Remarks
Delta Bc tetrag- a = 10.20 4 17.8 I14/mcm, Isomorphous with
(UgMn)  onal c =524 142 or UgFe, UgNi and
Tdc2 UgCo

Epsilon Fcc a=7,1484 = 8 12,57 Fdam Cl5-type, MgCu,
(UMn3) 0.0014 structure; iso-

morphous with
UFe, and UCo
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URANIUM-MERCURY
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The Constitutional Diagram

The uranium-mercury system has been studied by Wilson(l) and by Frost(z‘), with
virtually identical results. The essential difference was that Frost studied the system by
sealing samples and allowing the pressure to rise, while Wilson worked at a pressure of
1 atm. The diagram shown is that of Frostl{2), Since data above the boiling point of mercury
(358 C) were obtained by means of a sealed system, the pressure varied and was as high as
several hundred atmospheres.

The diagram of Wilson(l) is identical, except that mercury vapor was in equilibrium
with the uranium-mercury compounds and with uranium above the boiling point of mercury.

This is a very difficult system to study, A special means of preparing alloys is neces-
sary, the high vapor pressure of mercury presents a special problem, and the intermetallic
compounds are pyrophoric in nature and therefore require special techniques in handling.

It is of interest that Wilson and Frost used the same method of alloy preparation.
Essentially, it consists of hydriding uranium, dehydriding under vacuum, and reacting
mercury with the resulting uranium powder.

Crystallography

The tabulated data for UHg,, UHg,; and UHg, are from Rundle(3). Frost has reported
similar information for UHg, and UHg; but was unable to obtain a more certain analysis of
the UHgy structure. According to Frost, UHg; has a complex hexagonal structure with
a=4.934 A and c = 3,503 A, while UHg3 is close-packed hexagonal with a = 3,320 A and
¢ =4.875 A. The UHgj structure is reported to be a random structure. (1)

It is reported that the unit cell volumes of these compounds, within the limit of accuracy
of the work, are equal to the additive atomic volumes, This equivalence is interpreted to
mean that the binding is purely metallic in nature. (1)
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Unit Cell
Number Density,
Dimensions, of g/cm3 Space
Phase Type A Molecules X-Ray Other Group Remarks
Delta Hexagonal a=4.99 % 1 15.29 15.3 C6/mmm C32-type,
(UHgy) 0.01 AlB, structure
c=3 23«
0.01
Epsilon Hexagonal a=3.327 % 1/2 14,88
(UHgs3) 0. 005
c =4.888 =
0.005
Zeta Bcce a=3,63 2 14.5 Tentative
(UHg4) analysis
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The Constitutional Diagram

The uranium-molybdenum system was studied first by Ahmann(l), who interpreted the
system much as it is now except that the gamma phase was reported to be stabilized to room
temperature in the vicinity of 25 to 30 a/o molybdenum, A somewhat similar report was
issued independently by Pfeil(2), It was then shown that the gamma phase is metastable, and,
although relatively long periods of time are necessary to transform the gamma, a different
phase is stable below about 575 to 600 C (3,4, 5),

Work by Halteman and Lustman(6) and by Pfeil and Browne(7) has been concentrated on
the region of metastable gamma alloys. Early results indicated that the intermediate delta
phase exhibited a wide solubility range from about 20 to 33 a/o molybdenum at the isotherm
temperatures. When annealing times on the order of a month are involved, this wide solu-
bility range is observed. However, Halteman(8) has since demonstrated that still more pro-
longed annealing narrows the region to about 31.5 to 32,5 a/o molybdenum, The diagram
shown is based upon these results and confirms the earlier interpretation of Saller, Rough,
and Vaughan(3).

There appears to be some difference of opinion regarding the solubility of molybdenum
in alpha uranium. Pfeil(2) has reported a peritectoid alpha formation with a solubility of
about 3 or 4 a/o molybdenum in alpha., This report is contrary to the work of both Ahmann(1)
and Saller(3), who carried out an intensive study of this region, It is true that several a/o of
molybdenum can be retained in what might be described as a supersaturated, or distorted,
alphalike structure. However, cold working followed by annealing for long periods produces
two-phase structures that indicate a maximum solubility of about 0.5 a/o molybdenum, or
less, in the alpha. Thermal analyses also indicate a lowering of the beta-to-alpha transfor-
mation, even during heating(3). The maximum solubility in the beta phase is about 1.0 a/o
molybdenum. It has been demonstrated that the beta phase can be retained to room tem-
perature by quenching alloys of about 1 a/o molybdenum., The retained structure is meta-
stable and transforms slowly during long periods of room-temperature aging, (3

The solubility of uranium in molybdenum is quite limited and appears to be a maximum
of about 2 a/o uranium at 1285 C(g).

Crystallography

The delta phase has been studied by a number of investigators, and it is generally
agreed that it is an ordered structure. The data in the tabulation are from the work of
Halteman(s), who reports that the tetragonal delta phase is of the Cllb MoSi, type and can be
considered as an ordered form of gamma in which the molybdenum atoms assume special
positions in a unit cell composed of three body-centered pseudocubes.

Pfeil and Browne(7) had earlier reported the structure to be body-centered tetragonal
with a = 3,425 A and ¢ = 3,282 A, which is the same structure reported by Tucker(4). How-
ever, the diffraction pattern reported by Tucker was found to be incomplete; also, the ob-
served intensities could not be accounted for on the basis of this structure. Upon this basis,
Saller(3) and Halteman(6) had proposed a body-centered tetragonal phase with a = 6. 84 A
and ¢ = 6,55 A. However, the more detailed analysis of Halteman(8) leads to the tetragonal
cell with a = 3,427 A and ¢ = 9, 834,

Unit Cell
Number Density,
Dimensions, of g/crn3 Space
Phase Type A Molecules X-Ray Other Group Remarks
Delta Tetragonal a = 3,427 2 -~ 16. 63 I4/mmm Cllb~type isomorphous
c=9,834 with MoSi,, WSi,,
ReSi,, AlCr;, and
MgH,

42

i
E
\



] R T R e

)

¢

References

(1)

(2)

(3)

Ahmann, D,, Snow, A, 1., and Wilson, A, S,, '"The Uranium-Molybdenum Binary
System'', CT — 2946 (July, 1945),

Pfeil, P, C. L., '""The Constitution of Uranium-Molybdenum Alloys', J, Inst, of Metals,

77, 553-70 (1950-51).

Saller, H., A., Rough, F, A,, and Vaughan, D, A,, "The Constitution Diagram of
Uranium-Rich Uranium-Molybdenum Alloys", BMI-72 (June, 1951),

(4) Tucker, C. W., '"Discussion on ' The Constitution of Uranium-Molybdenum Alloys' "
by P.C. L. Pfeil in the J. Inst, of Metals (AECD-3092), J. Inst. Metals, 78, 760
(1950-51).

(5) Seybolt, A. U., "Discussion on ' The Constitution of Uranium-Molybdenum Alloys' "
by P.C. L, Pfeil in the J, Inst, Metals (AECD-3093), J. Inst. Metals, 78, 760
(1950-51).

(6) Halteman, E, K., and Lustman, B., unpublished information {1954).

7) Pfeil, P, C, L., and Browne, J., D,, "Superlattice Formation in Uranium-Molybdenum

’ > ’ P Yy
Alloys', AERE M/R 1333 (1954).,

(8) Halteman, E. K., ""The Crystal Structure of U,Mo", Acta Cryst., 10, 166-169
(March 10, 1957).

(9) Saller, H., A., Rough, F, A,, and Bennett, D, C,, '""The Constitution of Molybdenum-
Rich Uranium-Molybdenum Alloys', BMI-730 (March, 1952),

URANIUM-NEODYMIUM

Neodymium is only partially miscible with uranium in the liquid state. (1,2) The solu-
bility of neodymium in uranium is reported to increase from 0. 15 w/o at 1150 C to 0.2 w/o at
1250 C.( S)olubility of uranium in neodymium is given as 1.1 w/o at 1000 C and 2.0 w/o at
1250 C. (2

Crystallography

Probably there are no compounds in the uranium-neodymium system.
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The Constitutional Diagram

The diagram shown for the uranium-nickel system is the work of Grogan and
Pleasance(l). Its general shape is similar to that reported by Foote(z), except for the fact
that Grogan reports seven intermetallic compounds while Foote reports only four. The struc-
tures of UgNi, UNip, and UNig have been worked out by Baenziger(3). Attempts by Baenziger
to analyze the X-ray pattern presumed to correspond to UNi revealed that the structure was
too complex to interpret on the basis of the powder data available. Williams, in an appendix
to the report of Grogan 1), has resolved X-ray data of alloys in this region into two separate
patterns designated as U7Nig and UgNiy, although the structures have not been determined.

Intermediate between UNip; and UNi5, another pair of compounds has been proposed by
Grogan. Patterns of X-ray diffraction maxima are reported for these materials, although the
structures have not been determined{l). The existence of both compounds was proposed after
fairly elaborate heat-treating experiments and examination by a variety of techniques.

Alloys in the range of 40 to 47 w/o nickel were found to have some malleability and
could be flattened with a hammer, although cracking occurred in the process. This behavior
is reported(l) to be unlike that of the other compounds, which were brittle.

The solubilities in the terminal phases are quite limited. (1,2) Solubility in the gamma-
uranium appears to be a maximum of about 2 a/o nickel at the UgNi peritectic temperature.
It decreases to about 1.25 a/o at the gamma-to-beta eutectoid. The beta solubility at the
gamma-to-beta eutectoid appears to be about 1.0 a/o nickel and decreases sharply to perhaps
0.1 a/o nickel at 700 C. The solubility of nickel in alpha uranium is quite small at all
temperatures.
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Crystallography

The compound UgNi together with the compounds UgFe, UgCo, and UgMn have been
studied by Baenziger(3). All have a unit-cell volume nearly equal the volume obtained by addi-
tion of atomic values, or about 550 A3, The atomic positions can be described on the basis of
space group I4/mcm, although a possible variation from these positions in space groups I42
and I4c2 has not been eliminated.

Nearly identical data have been reported for UNi; by Baenziger(3) and by Bowles(4):
The data in the tabulation are from Baenziger. The UNi) structure is the Cl4-type, MgZn)
structure, unlike UFe, UMny, and UCoj, which are the C15-type, MgCup structure. Ter-
nary alloys involving these phases are reported in the section devoted to ternary alloys.

The structure of UNig has been studied by Baenziger(B) with the results tabulated below.

Unit Cell .
Number Density,
Dimensions, of g/cm3 Space

Phase Type A Molecules X-Ray Other Group Remarks
Delta Bc te- a=10.37=% 4 17.6 I4/mcm, Isomorphous with

(UgNi) trago- 0.04 142, or UgFe, UgCo, and

nal c= 5.31=# 14c2 UgMn
0.02

Zeta Hexago- a = 4.966 4 13. 46 C6/mmc Cl4-type, MgZnj

(UNi;} nal c = 8.252 structure
Kappa Fcc a= 6.7830% 4 F43m or Similar to MgCu,

(UNig) 0.0005 F23 structure, but of

lower symmetry; iso-
morphous with UCug,
PdBeg, and AuBejg
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The Constitutional Diagram

The diagram shown is from Rogers(l) and Browne(z), and represents essential confir-
mation of work of earlier investigators(?’: 4), although revisions in certain boundaries have
been made.

The complete solubility of gamma uranium and niobium is agreed on by all investiga-
tors(l; 2, 3,4, 5), although there is disagreement as to the extent of the gammaj-plus-gamma,
region. Sawyer(3) reports the-region as extending from about 11 to 78 a/o at 645 C, while
Rogers(l) and Browne(2) report the monotectoid to occur at 16 = 1 a/o niobium and 645 C, but
give values of 73 and 70 a/o, respectively, for the niobium-rich limit of the gammaj-plus-
gammaj region at this temperature, Dwight(S reports the monotectoid as occurring at
19 a/o niobium and 634 C, the latter temperature being in agreement with its determination
by Bauer(é),

On the basis of a tetragonal structure observed in quenched alloys containing 14 to 20a/o
niobium and thermal arrests ranging in temperature from 675 to 725 C for alloys containing
9.6 to 17 a/o niobium, Dwight suggests an ordering of the gamma phase in the region of the
monotectoid(3), While additional investigation is required, the tetragonal structure may be
ascribed to a transition structure in the metastable-gamma decomposition,

There is some question concerning the nature of the alpha-to-beta transformation at the
uranium-rich end of the system, Although most investigators(z: 3,5,6) agree that the reaction
occurs peritectoidally, alpha has also been described as forming in a eutectoid reaction{l
A shift of less than #5 C in the alpha-to-beta transition temperature is agreed to by all
investigators.

Solubilities in the alpha and beta phase are reported to be extremely limited, Browne(2)
gives the maximum solubility in each phase as being between 1 and 2 a/o niobium,
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Crystallography

There are no compounds in the uranium-niobium system.
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URANIUM-NITROGEN

Although no diagram has been constructed for the uranium-nitrogen system, considera-
ble information is available. Katz and Rabinowitch{!) have surveyed the work on the system
and report the existence of three compounds, UN, U;N3, and UN2. The system is two phase
between the mononitride, UN, and the sesquinitride, U;N3. Continuous solubility has been
proposed between U2N3 and UN2, since the UpN3 lattice is a distorted-fluorite structure, and
the UNj lattice is a fluorite-type structure. (2) This is questioned by work of Vaughan(3) who
reports that UpN3 has a hexagonal structure. The structures are discussed in detail in the
section on crystallography below.

The mononitride, UN, melts at about 2630+ 50 C. (4) It is quite stable in vacuum at
1700 C, and sinters at 2300 C. {1)

The sesquinitride, UpN3, loses nitrogen in vacuumn at temperatures above 700 to 800 C.
It is stable only to 1300 C, where it decomposes to form UN plus N, at low pressures. (1
Under high pressures, UpN3 decomposes to UN plus UNj; at about 1300 C, with a volume de-
crease of about 13 per cent.

The solubility of nitrogen in uranium is limited. The solubility of uranium in the mono-
nitride, UN, is also limited. (1)

Early reports of UyN7 seem to be attributable to the observation that the U-plus-N; re-
action at l-atm pressure reaches a maximum composition of UN} 75.

Crystallography

The tabulated lattice constants and data for UN, U,;N3, and UN, are from the work of
Rundle{2), The lattice constant of UN has varied as much as 4.899 A. This extreme variation
is attributed to the presence of carbon or oxygen instead of solubility of nitrogen in UN. It is
very difficult to avoid small amounts of these contaminants during preparation. (2)

As the nitrogen-to-oxygen ratio is increased from 1.5 to 1.75, the UpNj3 lattice constant
decreases from 10.678 to 10.580 A; from 1. 75 to 2. 00 it increases from 10.580 to 10.62 {2 x
5.31) A. The decrease is interpreted to mean that there is solubility over the entire range be-~
tween the distorted-fluorite structure of UpN3 and the fluorite structure of UNj. (2)

Vaughan(3), on the other hand, reports that U,N3 has a hexagonal lattice with a = 3. 70
and ¢ = 5. 80 A. This structure appears to be consistent with the structure of ThpN3, which is
hexagonal with a = 3.87 and ¢ = 6. 16 A.
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Unit Cell
Number
Dimensions, of Density, g[cm3 Space
Phase Type A Molecules X-Ray Other Group Remarks
UN Fcc a =4.880 = 4 14, 32 NaCl structure,
0.001 completely solu—~
ble with UC
U,2N3 Bece a=10.678 16 11.24 Ia3 Distorted-fluorite
0. 005 structure, isc-
morphous with
Mn,04
UN;, Pseudo-fcc a=5.31 11. 73 Fluorite structure
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URANIUM-OSMIUM

A partial diagram has been constructed by Park(l), although features in the system

are tentative.

Apparently, a minimum of two compounds exists in the system. The first uranium-

rich compound decomposes peritectically at a temperature below that of the eutectic tem-

perature. (1) A second compound has been identified as UOs;,

(2) Osmium is reported to

stabilize the gamma and beta phases. (1)

Crystallography

Data are available for only one compound UOs,. (2)

Unit Cell
Number Density,
Dimensions, of g[cm3 Space
Phase Type A Molecules X-Ray Other Group Remarks
UOs, Fcc 7.5125 % 8 19. 42 - Fd3m C15, MgCu,
0. 0005 structure
References

(1)
(2)

48

Park, J. J., private communication (October, 1956).

Heal, T. J., and Williams, G. 1., '"Compounds of Uranium -With Transition Metals of
the Second and Third Long Periods", Acta Cryst., 8, 494 (1955),




/O OED CO B B K R OB R R B B B B &R

R B RO KD R R

<

Y

URANIUM-OXYGEN
1000
I Jisoo
900 /
Jis00
|
800]-—— I
; 1400
700 ! Vo, _—
41200
L
© 600 S A TR N S W
W @
o =)
0 ! ! Jicoo
S &
@ 500 - | i
o s
s (W)
= -
b H800
400f——~ U0z +U,04 Us Og+ Uy Og | UsO0g | |
|
4600
300 -f—— — -
O S —
) '7|
200 UgOg+ UG, 4 I: 400
| ) |
[N WU SpUN N o — UQ, 4+ U0
T -]l 2.4 3ve
100F- 4 } ,J; L
Sl uo,+u,0, a3 200
2 ol ol
S 24
ol T 1l
2.0 2.4 2.2 2.3 2.4 25 2.6 2.7
OsU ATOM RATIO
0-23962

The Constitutional Diagram

Although much work has been done on the systermn, the constitution of uranium-oxygen
alloys is somewhat uncertain, Katz and Rabinowitch(l) reviewed the system in considerable
detail, but were unable to resolve all of the areas of conflicting information. Apparently,
experimental results and interpretation are highly dependent upon the starting materials and
method of specimen preparation,

The solubility of oxygen in uranium is small even in the liquid state, Cleaves(2)
observed solubilities of about 0, 05 a/o oxygen at the melting point of uranium and about
0.1 a/o and 0.4 a/o oxygen at 1400 and 2000 C, respectively,

The solubility in solid uranium is even less; it is difficult to determine exactly because
of the presence of other minor impurities(3),

The region between UO and U30g has been studied more intensively than any other
portion of the system, The diagram shown for this region is from Gronvold{4) and is similar
to the diagram published by Perio(5) with the major refinement being that Gronvold shows
a solid solution range of oxygen in UO; at elevated temperatures, Vaughan and Schwartz(6)
and Willardson(7) report a wider solubility range both at room and elevated temperatures;
at room temperature the range is reported as UO; to about UO, jp.

There appears to be fairly general agreement on the existence of three stable uranium
oxides in the range shown: (1) the fluorite-type dioxide (UO}); (2) the oxide U4qOgq (also
reported as beta UO,), which maintains the fluorite structure with the apparent addition of an
interstitial oxygen atom; and (3) the orthorhombic oxide {U3Og).
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One or more tetragonal oxides form in the region from UO; 3¢ to UG, 4¢. However,
the stability of these phases appears to be questionable. The phase relationships shown with
respect to these oxides are based upon the examination of specimens prepared by the low
temperature oxidation of UO, as reported by Gronvold and Haraldsen(8), Perio(5) and
Vaughan and Schwartz{6) report similar results when essentially the same techniques are
employed. Although Hering and Periol9) have reported the reversible formation of U0, 4¢
from UOj and U308, when specimens are homogenized at elevated temperatures the tetx:a;go-
nal oxides apparently do not form on succeeding prolonged low-temperature anneals{4, 5, 6, 10},
On this basis it appears that the phase relationships shown by the dotted lines, which were
drawn by Gronvold to indicate the temperature at which transformation takes place at an
appreciable rate, may represent metastable nonequilibrium conditions. At any rate, there
is agreement that the tetragonal oxides decompose to U4Og and U308 on heating at elevated
temperatures. However, there is some variation in the temperature reported for this
decomposition, Alberman and Anderson(10) report the decomposition as occurring above
230 C, Gronvold and Haraldsen(8) above 270 C, and Periol9) at 480 to 500 C. Vaughan and
Schwartz{6) and Willardson(?) are in general agreement with Perio on this point.

Since the tetragonal phase exists over a limited temperature range, there is no con-
flict with data of Biltz and Muller(“), who determined by tensiometric studies that a two-
phase region exists at 1200 C between UO, 31 and UO; ¢1. Hoekstra and Siegel{12) have
confirmed these phase limits and give UOZ' 60 as the lower limit of U30g, Baenziger(13) and
Rundlefl4) on the other hand report the existence of U205 (composition UO, g5p), which seems
to be generally interpreted as being the same structure as U308(1’ 9, 10, 12%:

The upper limit of U30g is in question, Hering and Periol9) report a definite limit at
2,67, On the other hand, Katz and Rabinowitch(l) report that the similarity of the U308 and
one of the UO3 structures makes a gradual and continuous transition between the two both
possible and plausible.

In addition to the oxides shown.in the region from UQO, to U30g, the sodium chloride-
type monoxide {UO) and the trioxide (UO3) with three allotropic modifications{1) have been
reported,

The melting point of UO, is about 2875 c(15),

Crystallography

The monoxide (UO) has the sodium chloride-type structure., There appears to be
limited solubility of oxygen in UO, and the lattice constant does not vary greatly. The tabu-
lated data for UO are from the works of Rundle(14), However, there is some question about
the stability of the UO phase. UO, UN, and UC are reported to be isomorphous(lz), and on
the basis of the inability((’) to prepare an extremely pure sample of UO, this phase may
represent a solution of oxygen in the nitride or carbide lattice.

Uranium dioxide is cubic and has the fluorite-type structure. The data for UO; are
also from Rundle. Numerous data on UO) are summarized by Katz and Rabinowitch 1) that
show a variety of values for the UO2 lattice constant. These generally fall within the lattice
constants given by Rundle, who reports that the UO} lattice can be increased to a = 5, 4720 =
0.0007 A by heating UQO with uranium, Similarly, it can be decreased to a = 5. 4407 &

0. 0008 A by increasing the oxygen content,

The data for the U409 phase are from Gronvold(4), The high density, 11.159 g/cm3,
is taken as evidence of the interstitial solubility of oxygen in the fluorite UO;-like structure,

It is difficult to determine whether a single phase with a wide solubility range or
whether more than one tetragonal phase exists in the region UO, 30 to UO, 4. Diffusion
is very slow at the temperatures at which these phases form, and it is questionable whether
equilibrium is attained. The tabulated data for the U307 phase are from Perio‘”’, The
tetragonal oxides are apparently characterized by an increase in the c/a ratio with increasing
oxygen content.

The oxide U205(13; 14} j5 reported to have an orthorhombic structure with a = 6. 73 %
0.02 A, b=31.71%0.1 A, andc =8.29 + 0.02 A, This structure contains a pseudo cell
witha = 6.73 A, b =3.964 A, and ¢ = 4. 145 A, which is closely related to the structure of
U30g (tabulated) as reported by Zachariasen. The pseudo cell is identical with the U3Og
structure as reported by Gronvold(s). For that matter, Rundle reports a single-phase region
between Up0g and U303(14). It appears that the varying reports all concern a continuous
series of solid solutions.
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X-ray data for two of the three trioxide {(UO3) modifications reported(l) are tabulated,
"Alpha' UO,, tabulated as hexagonal, was reported by Zachariasen{16) and is orange. It
was formed by reacting amorphous UO3 at 500 C for 8 hr under 20 atm of oxygen pressure.
The ''beta' UO5, tabulated as orthorhombic, was reported by Perioll?), It is yellow and was
formed by heating amorphous UO3 in sealed tubes at about 600 to 620 C. Under these same
test conditions, UO3 decomposed at 610 to 740 C to form the orthorhombic U308(17).

Additional references are included(18,19,20, 21).

No anhydrous higher oxides appear to be stable(l)

Unit Cell
Number Density.
Dimensions, of g/cm3 Space
Phase Type A Molecules X-Ray Other Group Remarks
Uo Fcc a=4,92 4 13,63 NaCl structure
isomorphous
with UO and
UN
Uo, Cubic a =5.4691 @ 0, 0005 4 10. 96 Fluorite -type
structure iso-
morphous with
ThO,
U409, Cubic a =5,4411 11, 159
U307 Tetrago- a =5,447 = 0,003
nal c =5,.400 = 0, 002
U30g Ortho- a=6,71+0,01 2 Amm
rhombic b =11.96 =+ 0, 03
c=4,15%0,01
""Alpha'' Hexago- a =3.971 0,004 1 8.39 8.34 C3m Similar to
U053 nal c =4.168 £ 0,008 orthorhombic
U30g
"Beta'  Ortho- a=1301 16 7.15
U0, rhombic b = 10, 72
c = 7.51
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The Constitutional Diagram

The diagram shown is that of Catterall, Grogan, and Pleasancell); it differs in many re-
spects from the tentative diagram of Park(2), The latter reported two compounds, UPd, and
U,;Pd,, stable to room temperature in addition to the congruently melting UPd,.

The solubility of palladium in uranium is small, being less than 0.3 a/o in both the
alpha and beta phases.(l) Solubility in the gamma phase is greater, rising from less than
1.1a/0at 760 C to 5 a/o at 998 C according to Catterall{ll), These values are in good agree-
ment with those reported by Park(2) of about 4 a /o at 995 C.

The temperature of the peritectoid by which the palladium solid solution forms has not
been located exactly, although it exceeds 1425 C and is tentatively estimated to occur at 1525 C.
Uranium has a large solubility in palladium; Catterallll) quotes solubilities of 22.2 a/o at 700,
800, and 900 C; 21.9 a/o at 1180 C, and 21.8 a/o at 1400 C.

CD RD RD R R & &

i
¢©

53

7



Crystallography

The structure of UPd; has been reported by Heal and Williams{3) and confirmed by
Catterall(l), who also reported a variation in the lattice parameters with composition; thus, a
uranium-rich sample gave ¢ = 9.641 A, a = 5.769 A, and c/a = 1.67]1, whereas a palladium-
rich sample gave ¢ = 9.526 A, a = 5.763 A, and c/a = 1.653,

Unit Cell
Number Density,
Dimensions, of g/cm3 Space
Phase Type A Molecules X-Ray Other Group Remarks
UPd, Hexagonal a=5,769 4 13.39 P63/mmc DO 24, TiNig
c=9.640 structure
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URANIUM-PHOSPHORUS

Several uranium-phosphorus compounds have been reported. No other information is
available.

Crystallography

The reported structures of upll, 2), U3P4(2), and UP2(3) are tabulated below, Addi-
tional references are given,. (4,5)

Unit Cell
Number
Dimensions, of

Phase Type A Molecules Remarks
UpP Fcce a=5.589 4 NaCl-type structure
U3P4 Bcc a = 8.197 4 Analogous to ThyPy
UP2 Tetragonal a = 3.800 Isomorphous with UAs,

c=7.762
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The Constitutional Diagram

The system has been studied by Park(l), and a tentative diagram constructed.

Two eutectics occur in the system, one at 12 a/o platinum and another at 90 a /o

platinum. Four intermetallic compounds have been identified.

Maximum solubility on the gamma-uranium phase is reported to be 6.5 a/o platinum at
the eutectic temperature. (1) solubilities of about 3.0 and 0.3 a/o in the beta- and alpha-~

uranium phases, respectively, are indicated.

Approximately 5 a /o uranium is soluble in platinum.

Crystallography

The crystal structures of UPtZ(Z) and UPt3(3) have been determined.

Unit Cell
Number Densitzy,
Dimensions, of cm Space
Phase Type A Molecules X-Ray Other Group Remarks
Zeta Hexag- a=5,764 2 19,40 P6;/mmc DO 19, Mg;Cd
(UPt,) onal c=4.898 structure
Epsilon Ortho- a=4.12 4 18.54 Cmcm
(UPtZ) rhombic b=9.69
c=5,64
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The Constitutional Diagram

Phase relationships in this system are quite complex but have been well defined. (1) The
liquidus in the system exhibits a minimum as shown and at elevated temperatures the body-
centered cubic forms of uranium and plutonium show complete mutual solubility. Two inter-
mediate phases with extensive ranges of homogeneity are reported. The delta phase extends
from 26 to 75 a/o plutonium; the epsilon phase extends from 30 to 98 a/o plutonium.

Crystallography

Tentative structure identification is given below.(l) Because the epsilon phase is not
stable at room temperature, difficulty was found in obtaining good diffraction patterns. The
delta phase, while cubic at room temperature, expands anisotropically when heated. The
powder pattern splits in accordance with tetragonal symmetry; consequently, the structure
given below is for room temperature.
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Unit Cell
Number Density,
Dimensions, of g/cm3 Space

Phase Type A Molecules X-Ray Other Group Remarks
Delta Simple a=10,57 0,05 52 17.15 Data for UPu3

tetrag- ¢ = 10,76 £ 0,05 composition

onal
Epsilon  Simple a = 10.664 58 18.95 Data for UPu

cubic composition

Reference

(1) Schonfeld, F. W., "Phase Diagram Studies at Los Alamos', ASM Seminar (1957).

URANIUM-PRASEODYMIUM

Uranium and praseodymium are only partially miscible in the liquid state{152) The
solubility of praseodymium in uranium is reported as 0.2 w/o at 1150 C and 0.4 w/o at 1250 C,
while the solubility of uranium in praseodymium is given as 1.0 w/o at 1000 C and 2.2 w/o at
1250 c.(2)

Crystallography

Probably there are no compounds in the uranium-praseodymium system.

References
(1) National Physical Laboratory, United Kingdom, unpublished information (1949-1950).

(2) Wilhelm, H. A., "Nuclear Fuels Newsletter'", WASH-704 (December, 1957). Classified.

URANIUM-RHENIUM

While a diagram is not available for the system, a number of observations concerning
uranium-rhenium alloys have been reported. 1

There are apparently two compounds in the system: URe, which melts at a temperature
in excess of 1200 C, and an ordered structure with a limited temperature range of stability
containing 8 to 10 a/o rhenium. At 1000 C URe exists in equilibrium with gamma uranium
which is replaced at 800 C by an optically anisotropic phase with an ordered structure similar
to that of U,Mo. At lower temperatures, beta uranium containing 4 a/o rhenium was found to
decompose eutectoidallyat 625 to 630 C to alpha uranium and URe,.

Fairly extensive solid solubility of rhenium in gamma uranium is indicated, up to 16 a/o
rhenium being retained in solid solution in rapidly cooled small melts. Peritectic formation
of the gamma phase is probable, a thermal arrest being detected in a 7.5 a/o rhenium alloy at
a temperature of 1150 to 1200 C. The solid-solution region decreases rapidly initially, with
about 6 a/o rhenium being soluble in gamma uranium between 800 and 1000 C; little variation
in solubility with temperature is observed in this range. The solubility of rhenium in alpha
uranium is about 1 a/o at 650 C and decreases to less than 0.5 a/o at 600 C.

The gamma phase can be retained in alloys containing 5 a/o rhenium but decomposition

to a distorted alpha structure proceeds at room temperature. The distorted alpha structure is
developed on quenching alloys containing 4 a /o rhenium,
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Crystallography

The compound URe, exhibits two allotropic forms. Above 180 + 3 C, it has a hexagonal

Cl4-type structure, and below this temperature an orthorhombic structure based on a dis-

torted Cl4-type structure.

The data below are from Hatt(z).

The second compound found in alloys containing about 10 a/o rhenium when quenched

from 800 C appears to be similar in structure to U,Mo of the uranium molybdenum system.

tentative room-temperature analysis indicates a tetragonal structure with c/a = 0.98, (1)

o

A

Unit Cell
Number Density,
Dimensions, of g{cm3 Space
Phase Type A Molecules X-Ray Other Group Remarks
URe, Ortho- a=5.600 8 18.65 Cmecm Dimensions for
rhombic b=9.178 20 C
c = 8.463
URe, Hexag- a=5,433 4 18.56 P63/mmc Cl4 type; dimen-
onal c = 8,561 sions for 213 C
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The Constitutional Diagram

The features shown have been determined by Yorke(l) and are confirmed in form by the
work of Park(z). The eutectic occurs at 22.5 a/o rhodium and 885 C. There is considerable
solubility of rhodium in the gamma-uranium phase. Yorke reports solubilities of 9 + 1 a/o at
885 C and 8.5 = 1 a/o at 850 C. Park reports the gamma-to-beta transformation is depressed
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to 730 C.

Crystallography

The crystal structure of URh; has been determined(3) as below.

Unit Cell
Number Density,
Dimensions, of g/cm Space
Phase Type A Molecules X-Ray Other Group Remarks
URh, Cubic a= 3,991 1 Pm3m Ll2-CuzAu
structure

References
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(3) Dwight, A, E., private communication (October 28, 1957).

URANIUM-RUTHENIUM
RUTHENIUM, w/o
2 5 10 15 20 30 40 50 70
1800 (—— T . — I
3200
1600
{2800
[
1400
2400
/ w
o 4 <
y /] M| g
& 1200 y Ll g P =
5 oy 2
S / &
i —{ 2000
a \ / L+e ~Il & %
& \ / g o
~ 1000 Bt x4 "
\ 948 _ | 2Q1
£ oy T T~ Y
885
4 e k —1600
+
800t—+—y .3 el —
/ | S+e
693 -
B+ - g -~
N 618 R | 1200
L 42410
600"0 % :zn = 5
b — &l = =
a+8 4 an
[\
2
©w — 800
400
0 20 40 60 80 100

RUTHENIUM, a/o

59



The Constitutional Diagram

The diagram shown is based on the work of Park{l) revised to include the data of
Dwight(z) in the regions of higher ruthenium content. The features of the high-uranium end of
the diagram have also been reported by Murray and .Lloyd(3) and by Yorke(4§
agreement with the work of Park.

, giving excellent

Park(!) has inve stigated only the region up to URu4 and reports two compounds of lower
ruthenium content, U,Ru and URu, Dwight(z) reports three additional compounds in this
range, between URu and URuj; these are UsRuy, UyRug, and UzRug, the latter decomposing
eutectoidally at 870 C to U,Ruy and URuj.

The addition of ruthenium to uranium lowers the beta-to-gamma and alpha-to-beta
transformation temperatures. Park(l) reports values of 693 and 618 C, respectively, for

these temperatures and 885 C for the eutectic temperature, while Dwight(z) reports values of
708, 640, and 898 C, respectively,

Crystallography

The crystal structure of URu; has been reported by Heal and Williams(5),

Unit Cell
Number Density,
Dimensions, of g/cm2 Space
Phase Type A Molecules X-Ray Other Group Remarks
URu, Simple 3.988 £ 0.002 1 14, 24 --  Pm3m L1 Z—Cu3Au
cubic structure

References
(1) Park, J. J., private communication (October, 1956),

(2) Dwight, A. E., "Nuclear Fuels Newsletter', WASH-702 (May, 1957); WASH-704 ;
(December, 1957), Classified.

(3) Murray, J. R., and Lloyd, S. J., "Some Observations on Uranium-Rich Uranium-
Ruthenium Alloys'', AERE M /M 107.

(4) Yorke, J. M., "Alloys of Uranium With Ruthenium and Rhodium', AERE X/PR 2409
(1956).

(5) Heal, T. J., and Williams, G. I., "Compounds of Uranjum With the Transitions Metals",
Acta Cryst., 8, 494 (1955).

URANIUM-SAMARIUM

Uranium and samarium show little miscibility in the liquid state. The solubility of
samarium in liquid uranium is reported to be 0.2 w/o at 1150 C and 0. 25 w/o at 1250 C,
while uranium solubility in samarium is given as 0.5 w/o at 1000 C and 1.3 w/o at 1250 C,

Crystallography

Data concerning the possibility of compounds in this system are not available,

Reference
(1) Wilhelm, H. A., "Nuclear Fuels Newsletter', WASH-704 {December, 1957). Classified,
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URANIUM-SELENIUM

Data on the uranium-seleniumn system are incomplete, Ferro reports the presence of
three compounds, USe, UjSes, USeZ, in addition to a selenium-rich phase. The USe, may
exist in two polymorphic forms, In an earlier review by Katz and Rabinowitch, the compounds
U,Se3 and USe;, had been reported, (2)

Crystallography

The crystal structure of USe has been determined by Ferro as given below. A ternary
compound, UOSe, occurring in contaminated alloys, has been identified as having tetragonal
symmetry and being of the PbFCl-type with a = 3. 901 A, c/a = 1,789,

Unit Cell
Number Density,
Dimensions, of g/cm3
Phase Type A Molecules X-Ray Other Space Group Remarks
USe Cubic a =5 750 4 11,07 NaCl-type

structure

References
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Co. , Inc. , New York (1951), p 337,
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The Constitutional Diagram

The constitutional diagram for the uranium-silicon system has been determined by
Kaufmann(l) as shown in the accompanying figure. The formula U3Si, is based upon work of
Zachariasen(z), who also reports two forms of USiy, one (beta USiZ) corresponding to the

UZSi3 of Kaufmann.

There is no disagreement about the compounds delta (U3Si)(1’2) , zeta (USi)(l’z) , and
iota (USi3)(1:2:3;4), However, Kaufmann(!) reports that delta (U3Si) actually has a very
narrow composition range near 23 a/o silicon, rather than a stoichiometric ratio of U3Si.

Crystallography

The data tabulated are from Zachariasen(2) , except for iota (USi3), which is from
Kaufmann{(l). The discrepancies between these data and the constitutional diagram are ex-
plained above.
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The structure of iota (USi3) has been determined by others(3,4) and is reported to be the
L]l2-type, isomorphous with UGa3, Ulngz, UGe3, UPbgz, UAlj, and USn3(3).
Zachariasen(z) reports that delta (U3Si) is the only one of the intermetallic compounds in
this system which does not have covalent bonds between silicon atoms and therefore is metallic
in nature, This generalization presumably excludes USi3, since Zachariasen did not report
on it,

In epsilon (U3Si,), the silicon atoms are bonded together to form pairs normal to the
fourfold axis, In zeta (USi), the silicon atoms are bonded together to form endless zigzag
chains along the c-axis. In theta (''beta' USi,), the silicon atoms form ''graphite layers"
normal to the sixfold axis; and in eta ("'alpha' USiZ) , a three-dimensional network of silicon
atoms occurs, with uranium atoms in the interstices,

Unit Cell
Number Density,
Dimensions, of g/cm?3 Space
Phase Type A Molecules X-Ray Other Group Remarks
Delta Bc tetrag- a =6,029 % 4 15,58 14/ mcm
(U3Si) onal 0.002
c=8.697 %
0.003
Epsilon Tetrag- a=7,3298 % 2 12. 20 P4/mbm
(U4Siy) onal 0.0004
c = 3.9003 =
0. 0005
Zeta Ortho- a=>5.66=% 4 10. 40 Pbnm Isomorphous with
(USi) rhombic 0.01 FeB
b=7.67 %
0.01
c=3.914%
0.01
Eta Bc tetrag- a = 3.98 = 4 8,98 14/ amd Isomorphous
("alpha' onal 0.03 with ThSi;,
USi,) c= 13,74 % PuSi,, CeSiy,
0.08 and NpSi,
Theta Hexag- a=2386% 1 9. 25 P6/mmm Isomorphous with
("beta' onal 0.01 AlB;, and TiB,
USiZ) c=4,07 %
0.01
Iota Cubic a =403 1 8.15 Pm3m Ll2-type,
(USi3) AuCuj ordered

structure
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The Constitutional Diagram

Early work on the uranium-silver system(l:z) indicated that uranium and silver are
immiscible in the liquid state. More recently, the diagram has been mapped out rather
thoroughly by Buzzard and co—workers(3).

The accompanying diagram is from the work of Buzzard(3), The monotectic reaction is
reported at 1132 C, on the basis of a uranium melting point of 1133 C. Buzzard reports the
monotectic composition to be about 0, 23 w/o silver at 1132 C, while Wilhelm reports it to be
about 02.)05 w/o silver{4). Work from the United Kingdon reports the monotectic at 0. 28 w/o
silvert®/.

The eutectic at the silver-rich end occurs at about 94,5 w/o silver and 950 C(3) , although
another report indicates that it occurs at about 15 a/o uranium 2).

The maximum solubility in silver is between 0.1 and 0. 4 w/o uranium, Because there

is no appreciable solubility of silver in uranium, silver has little effect on the uranium trans-
formation temperatures(3)_

Crystallography

There are no intermetallic compounds in the uranium-silver system.
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URANIUM-SODIUM

The solubility of uranium in liquid sodium at 97,8 C is reported to be less than 0.05 w/o
and may be many times smaller(l). Uranium and sodium in contact for long periods of time at
550 C showed no evidence of reaction(2),

Crystallography

Probably there are no compounds in this system.

References

(1) Douglas, T. B., "A Cryoscopic Study of the Solubility of Uranium in Liquid Sodium at
g y p y y q
97.8 C", J. Research Natl. Bur. Standards, 52, 223-26 (1954).
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URANIUM-SULFUR

The existence of four basic sulfides of uranium has been reported, US, UgS;3, U,55,
and USZ(1’2’3’4)' Zachariasen reports these compounds have well-defined formulae,

The melting point of US has been reported as greater than 2000 C, while that of US;
has been reported as 1850 + 100 c(3),

US, decomposes to UpS; in 2 vacuum at 1300 c(5), At 1530 C, the decomposition
product of US; is reported to be USS3(6).

Various reports indicate that US, exists in two forms(5,7,8), The transition tempera-
ture from the orthorhombic to tetragonal form is reported to be about 1350 C. Below this
temperature, the two forms can coexist(7),

Additional discussion is available(8),

Crystallography

The crystallography of the compounds US, UsS3, U,S3, "alpha' US;, and ""beta'' US,
is tabulated below. The data for U5S3, U2S3, and beta US) are from Picon(4,7) while the
data for US and alpha US, are from Zachariasen{l)., Picon(7) gives the following for alpha
US,: orthorhombic; a=4.12,b=7.11, c = 8. 46 A; density, 8,07 £ 0. 06 g/cm3, Data for
UZS3 are given by Zachariasen(l) as follows: orthorhombic; a = 10.41, b = 10,65, c = 3,89 A;
density, 8.78 g/cm3,

A subsulfide has been reported by Zumbusch(9), Zachariasen(z) attributes this report
to UOS, which has been found to have a tetragonal structure with a = 3,835 + 0,001 and
c= 6,681 £ 0,001 A, with a density of 9. 60 g/cm3. The UOS structure is the PbFCl-type
with a P4/nmm space group.
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Unit Cell

Number Density,
Dimensions, of __&/em>  Space
Phase Type A Molecules X-Ray Other Group Remarks
Us Bee a=05, 484 * 4 10. 87 NaCl-type
0.002 structure
soluble
with ThS
and CeS
UBSS Orthorhombic a=7,41 % 0,02 4 8.31 8,30 =
=8.06 £ 0,02 0. 05
c=11.70 =
0.03
U,84 Orthorhombic a = 10.34 * 4 9.01 8.94+ Pbnm Sb,S;-type
0.02 0. 07 structure;
b=10.58 % isomor-
0.02 phous with
c= 3,855 % Np,S3 and
0.004 Th,S3
"Alpha' Orthorhombic a = 4,22 + 0,02 4 7.90 Pmnb Isomor-
Us, b=7,08 % 0. 04 phous
c=28,45 % 0,04 with ThS2
"'"Beta'' Tetragonal a = 10, 26 7.60 =
us;, c= 6.30 0.06
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The Constitutional Diagram

Early work by Ahmann(1) indicated that no intermetallic compounds exist in the uranium-
tantalum system and that a peritectic reaction occurs at the uranium end of the system,
Schramm, Gordon, and Kaufmann{2) studied the system more intensively and established the
constitutional diagram as shown,

Both tantalum and tungsten form peritectic systems with limited solid solutions. In the
case of tantalum, the peritectic temperature is 1175 C,  The solubility of tantalum in uranium
and of uranium in tantalum.is probably less than 2 a/o 2),

A ternary carbide, approximating UTajgCy4, was observed which is more stable than the
carbides of either uranium or tantalum alone. This carbide is of low symmetry but the struc-
ture is undetermined(2). A second ternary carbide is reported to be face-centered cubic with
a =4, 41 A,

Data from the United Kingdom support the general features of the system uranium-
tantalum(3).

Crystallography

There are no intermetallic compounds in the uranium-tantalum system.
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URANIUM-TELLURIUM

The uranium-tellurium system is incompletely known; however, Ferro reports the com-
pounds UTe, U3Tey, U,Te, and UTe;, in addition to a phase of higher tellurium content, (1)
The latter phase may correspond to the UTe, ; described by Montignie. (2) Katz and

Rabinowitch, in an earlier review of the system, concluded that UTe, U,Te3, and UTe, , were

among the compounds found in the system.

Crystallography

The structures below for UTe, U3zTey, and UTe, are from Ferro(l).

Unit Cell
Number Density,
Dimensions, of g/ cm?3 Space
Phase Type A Molecules X~-Ray Other Group Remarks
UTe Cubic a=6, 163 4 10, 37 NaCl-type
structure
UzTey Cubic a=9.397 4 143d Th3P4-type
structure
UTe, Tetragonal a = 4.006
c=7.471
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(3) Katz, J. J., and Rabinowitch, E., The Chemistry of Uranium, Part I, McGraw-Hill
Book Co., Inc,, New York (1951), 337,

URANIUM-TERBIUM

Uranium and terbium exhibit an immiscibility gap in the liquid state. Solubility of
terbium in liquid uranium is reported to increase from 0.2 w/o at 1150 C to 0.4 w/o at
1250 c(1),

Crystallography

Nothing is known concerning the possibility of compounds in this system,

Reference

(1) Wilhelm, H. A., "Nuclear Fuels Newsletter", WASH-704 (December, 1957). Classified.

URANIUM-THALLIUM

An intermetallic compound, UTl;, has been reported. (1) Solubility of uranium in liquid
thallium is reported to increase from 0. 12 w/o at 800 C to 0. 17 w/o at 900 C,
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The tabulated data for UT13 are from the work of Iandelli and Ferro(l).

Unit Cell
Number Density,
Dimensions, of g/cm3 Space
Phase Type A Molecules X-Ray Other Group Remarks
UTl3 Simple cubic a= 4,675 1 Pm3m Isomorphous with
UGa3 > UIn3 »
USij, UGe3, and
UPbj
References
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The Constitutional Diagram

The diagram shown is based upon the work of Carlson(l,2) , modified to include the re-
sults of Bentle(3) at the high-thorium end of the system. The general characteristics are
confirmed by Murray(4) , except that the immiscibility gap is reported to extend from 6 to
50 a/o thorium,

Solubility of thorium in uranium is very limited, being 0.30 a/o thorium at 900 C and
less than 0.5 a/o thorium at 700 cl4),

The details of the high-thorium portion of the system were determined by electrical-
resistivity measurements and room-temperature X-ray lattice-parameter measurements.
Solubility of uranium in thorium is given as being 0.7, 1.1, 1.1, 1,8, and 2.7 w/o at 25,
600, 800, 1000, and 1100 c(3), Bauer(5) gives values 0of 0,7, 0.7, and 1. 75 w/o uranium at
800, 900, and 1000 C, while Murray reports values of 1,0 and 2.45 a/o at 800 and 1300 C,

respectively, Wilson reports slightly higher values, giving 2.5, 4.5, and 7.5 w/o uranium
at 950, 1150, and 1250 C on the basis of high-temperature X-ray measurements,

Crystallography

There are no intermetallic compounds inthe system uranium-thorium.
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URANIUM-THULIUM

Uranium and thulium exhibit an immiscibility gap in the liquid state. Solubility of
thulium in liquid uranium is reported to increase from 0,025 w/o at 1150 C to 0,075 w/o at
1250 (1),

Crystallography

Nothing is known concerning the possibility of compounds in this system.

Reference

(1) Wilhelm, H. A., "Nuclear Fuels Newsletter'', WASH-704 (December, 1957), Classified,
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The Constitutional Diagram

The diagram shown was determined by Treick and associate;:(l). Except for USn3, the
compound compositions are not accurately known because of the pyrophoricity of these com-
pounds and the consequent difficulty in handling(z). The diagram is based on the result of
metallographic examination, thermal analysis, and X-ray diffraction,

The USnj has also been reported by Maskrey(3),

Crystallography

Data are available only for USn3. The data’in the table are from Rundle(2}, Maskrey
reports similar information, giving a value a = 4,626 A, It is an ordered phase and is reported

to be isomorphous with UAlz, UGaj, Ulnz, USi3, and UPb3. (3)

Unit Cell
Number Density,
Dimensions, of g/cm3 Space
Phase Type A Molecules X-Ray Other Group Remarks
USng Simple cubic a= 4,63 1 9.95 Pm3m  Ll2-type, AuCu3

ordered struc-
ture; isomor-
phous with UAl,
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The Constitutional Diagram

The diagram shown is from Knapton(l) and is in essential agreement with the work of
Udy and Boulger(z). The principal differences are in reported solubilities of titanium in the
alpha- and beta-uranium phases and in the solubility range of the delta (U,Ti) phase. Udy
and Boulger report maximum values for titanium solubility in the alpha and beta phases as
4 and 3 a/o, respectively(z), Knapton reports that impurities are gettered by initial titanium
additions resulting in apparently large solubility values; values of less than 1 a/o and 1-1/2
a/o are given for alpha and beta solubilities(1), Knapton, in performing a detailed study of
the delta (U,Ti) phase region reports( D, very limited range of solubility for U,Ti on the
basis of both metallographic and X-ray studies, which showed that little change in parameter
values was observed with change in composition in the vicinity of the delta phase. Udy and
Boulger had reported(2} a solubility range for the delta (U,Ti) phase of from about 28 to
42 a/o titanium,

Early reports of a peritectic reaction at the uranium end of the system are undoubtedly
in error, (3)

Minor differences in remaining features of the diagram have been reported. Knapton(l)
places the gamma eutectoid at 4 a/o titanium and 723 C, Udy(z) reports 6.0 a/o and 718 C
for the same point, The eutectoid at the titanium end of the system has been reported as
83 a/o titanium by Knapton( 1), 72 a/o titanium by Udy(z), and 77 a/o titanium by Seybolt(4).
Impurities, notably oxygen and nitrogen, are undoubtedly responsible for at least part of
the variations in reported values,

(T%le solubility of uranium in epsilon (alpha titanium) is reported as about 0,8 a/o at
655 cll
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Crystallography

The data tabulated below are from Knapton(S), Similar data have been reported by
Tucker(b), giving a = 4,826 A and c = 2,852 A,

Unit Cell
Number Density,
Dimensions, of _ glem® Space
Phase Type A Molecules X-Ray Other Group Remarks
Delta Hexagonal a= 4,828 1 Pé6/mmm C32-type;
(U, Ti) c = 2,847 isostruc-
‘ tural
with AlB,
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The Constitutional Diagram

The constitutional diagram of the uranium-tungsten system is similar to that of the
uranium-tantalum system. A peritectic reaction occurs at the uranium end of the system,
although the temperature of the peritectic is only slightly above the melting point of
uranium(1),

¢

Schramm, Gordon, and Kaufmann report that the solubility of uranium in tungsten
and of tungsten in uranium is less than 1 a/o. (1) Recent reports from the United Kingdom
are in agreement and give solubilities of 0, 2 to 0,5 a/o tungsten(z) and 0,4 to 0.7 a/o
tungsten in uranium at 1000 C. A solubility of 0,1 a/o uranium in tungsten at 1000 C is
also reported(3).

Crystallography

There are not intermetallic compounds in the system uranium-tungsten,
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The Constitutional Diagram

The diagram as shown was determined by Saller and Rough( 1), The solubility in the
gamma was found to be a maximum of about 12 a/o vanadium at the eutectic and 9 a/o
vanadium at the 727 C eutectoid. The solubility in the beta is about 2 a/o vanadium and
in the alpha less than 1.5 a/o vanadium, The solubility of uranium in vanadium is limited
at all temperatures, with a maximum value of about 4 a/o uranium at 1040 C,

The diagram was determined principally by thermal analysis and metallography,
and the absence of intermetallic compounds was confirmed by X-ray diffraction,

Seybolt(z) has reported that an allotropic modification of vanadium occurs at 1550 C,
This conclusion is based on thermal and thermoelectric measurements. McCaldin and
Duwez(3) did not find evidence of the modification by thermal analysis, Saller and Rough

examined vanadium by thermal analysis, but did not go above 1200 C, Since it has not been
confirmed, the proposed modification has not been incorporated into the diagram.

Crystallography

There are no intermetallic compounds in the system uranium-vanadium,
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(2) Seybolt, A, U,, and Sumsion, H, T, , "Vanadium-Oxygen Solid Solutions', J, Metals,
5, 292-299 (February, 1953).

(3) McCaldin, J, O., and Duwez, Pol, "Allotropic Transformations at High Temperature',
J. Metals, 6, 619-20 (May, 1954),

URANIUM-YTTERBIUM

Uranium and ytterbium show little miscibility in the liquid state. The solubility of
ytterbium in liquid uranium is reported to be 0. 15 w/o at 1150 C and 0, 2 w/o at 1250 C,
while uranium solubility in ytterbium is essentially nil at 1000 C and 0.8 w/o at 1250 C.

Crystallography

Data concerning the possibility of compounds in this system are not available.

Reference

(1) Wilhelm, H. A, , "Nuclear Fuels Newsletter', WASH-704 (December, 1957). Classified.

URANIUM-YTTRIUM

Uranium and yttrium exhibit an immiscibility gap in the liquid state. Solubility of
yttrium in liquid uranium is reported to increase from 0,075 w/o at 1150 C to 0,15 w/o
at 1250 ¢t

Crystallography .

Nothing is known concerning the possibility of compounds in this system.

Reference

(1) Wilhelm, H, A, , "Nuclear Fuels Newsletter'", WASH-704 (December, 1957). Classified,
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The Constitutional Diagram

The constitution of uranium-zinc alloys has been determined by Chiotti, Klepfer,
and Gill{1) from X-ray, metallographic, thermal, and vapor-pressure data. The diagram
shown is the one determined at 5-atm pressure.

The solubility of zinc in uranium is very low, undetectable by the experimental methods

employed. Solubilities of uranium in zinc at various temperatures are given below:

Temperature, C Uranium, w/o

419 0,025

450 0,20 0,1
500 0.28 = 0,01
550 0.30 + 0,08
600 0.45 £ 0,02
650 1.3 0,2
700 3.1 £0,3

At 910 C the solubility of uranium in zinc was calculated to be 14, 6 a/o uranium,

The diagram shown is identical up to 910 C to the one determined at l-atm pressure,
Under the lower pressure condition, zinc boils at 910 C and the compound UZn9 decomposes
at 945 £ 3 C to the zinc vapor and liquid of approximate eutectic composition, Above 947 C,
zinc vapor and the uranium gamma and liquid phases exist in equilibrium,

Crystallography

Only one compound forms in this system, analytical and metallographic data indicating
a composition of UZn9. The compound is believed to be hexagonal.
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Unit Cell
Number Densityj
Dimensions, of gm/cm Space
Phase Type A Molecules X-Ray Other Group Remarks
Delta Hexagonal a=8,99 P6/mmm
(UZng) c=8,98
Reference

(1) Chiotti, P, , Klepfer, H, H,, and Gill, K. J,, "Uranium-Zinc System', J. Metals,
9, 51-57 {(January, 1957),
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The Constitutional Diagram

The system uranium-zirconium has been studied by a number of investigators, The
diagram shown is based largely on the work of salter(1) and Rough(z), but the principal
features of the systemn were reported earlier by Kaufmann(3) and Peterson{4). The diagram
is based on work with alloys prepared by arc melting selected biscuit uranium and Grade I
crystal-bar zirconium,

There is agreement that complete solid solution exists between gamma uranium and
beta zirconium 1’2,3:4:5:6), but there was some question concerning the stability of the
intermediate epsilon phase., However, results of studies by Bauer(z), Kearns(?) , and
Holden(8) confirm the stability of the phase, Oxygen and nitrogen, in ternary alloy com-
bination with the delta phase, have been shown(zy to cause its decomposition, Features
shown in this region of the diagram are based upon the work of Rough, Austin, Bauer, and
Doig(z). However, fairly wide variations in the solubility range of the delta phase have
been reported, (7,9,10) Knapton(9) reports that delta forms peritectoidally at 620 C and
63 a/o zirconium, giving a solubility range of 63 to 79,5 a/o zirconium at 600 C and a
solubility range of 66 to 79 a/o zirconium at 500 C. Studies in this region are complicated
by the pronounced effect of oxygen and nitrogen on the delta-phase solubility limits and by
the nature of the gamma-to-delta transformation in this region. Thus, supersaturated
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delta forms during low-temperature annealing of initially gamma-quenched alloys containing
from about 50 to 90 a/o zirconium, Rejection of either alpha uranium or alpha zirconium
from the supersaturated delta phase to yield the equilibrium delta conmposition occurs during
subsequent heat treatment at temperatures below 600 C, the rate of rejection decreasing
rapidly with temperature and in compositions close to the delta~-phase composition limits, {(11)

The gamma-plus-epsilon region of the diagram has been studied by several investi-
gators(1,2:3;4:5:12) , and variations in the gamma boundary values have been explained(z: 13)
as arising from oxygen and nitrogen contamination, The value of solubility of uranium in
alpha zirconium (0, 3 a/o) at the isotherm was determined by McGeary(lz) and was based on
precision dilatometric measurements of a series of alloys,

The general features of the high-uranium end of the system have been confirmed by
a number of investigators. (1,3,4,5,14) Refinement of this area to include the gammarj-
plus-gamma, region is indicated by the more recent works. (1,5) The details shown are
based largely on the work of Saller, Rough, and Bauer{l) , who have employed quantitative
lineal analysis of metallographic samples, metallography, thermal analysis, and more
recently high-temperature X-ray techniques(ls) to establish the phase regions. However,
Summers-Smith disagrees, reporting(5) dilatometric and high-temperature X-ray evidence
for a beta-plus-gamma, field extending to 62 a/o zirconium in the temperature range 662 to
693 C, there being no alpha-plus-gamma field,

The solubility of zirconium in beta uranium is reported by Summers-Smith(5) as
2.5 a/o and in alpha uranium as 1.5 a/o. Saller{l) reports values of about 3 and 5 a/o
for maximum solubility, with solubility decreasing rapidly to less than 1 a/o below 660 C,
Zegler(lé) gives values between 0.5 and 1 a/o at 675, 700, and 750 C in the beta phase;
between 0. 25 and 0.5 a/o from 500 to 640 C; and slightly in excess of 0.5 a/o at 660 C in
the alpha phase.

Crystallography

The delta phase was reported by Holden to be an ordered structure, and subsequently
large unit cells based on the gamma-uranium structure were reported, giving a = 10,678 A
and 10, 69 A(18) However, indexing is not altogether satisfactory, certain reflections
having parameters slightly off the values necessary for a cubic structure. Therefore,
Rough suggested a hexagonal or rhombohedral pseudo-cubic structure with a = 8,793 and
c=9.212 at 575 C in a 72 a/o alloy. Adam(19) suggested that the discrepancies may arise
from stacking faults; the delta-phase structure is strongly polarizing under a microscope,
and a cubic structure is unlikely, Silcock 20 and, more recently, Boyko(“) and Mueller(22)
determined the structure to be primitive hexagonal, accounting well for both the positions
and intensities of the lines. This structure is partially ordered, with zirconium atoms
located at the 0,0,0, position while zirconium and uranium atoms are located randomly at
the 1/3,2/3,1/2 and 2/3,1/3,1/2 positions, The random distribution of uranium and zir-
conium atoms allows a considerable range in composition. Silcock(20) and Boyko(ZI) report
similar data for the phase as given below,

(17)

Unit Cell
Number Density,
Dimensions, cf gm/cm? Space
Phase Type A Molecules X-Ray Other Group Remarks
Delta Hexagonal a=2503 1 9.7 P6/mmm Partially dis~

(UZrZ) c=3,08 ordered
C32-type
AlB,
structure
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URANIUM-ALUMINUM-SILICON

The region of the system which has been studied includes UAly, UAlg, silicon, and
uranium(l), but no diagram is available,

It is reported that 0,8 w/o silicon is sufficient to suppress the formation of UAly entirely
with a content of 20 w/o uranium. The phases in equilibrium then appear to be UAlj3, silicon,
and aluminum(1), However, the addition of up to 1 w/o silicon to alloys containing 40 and 50 w/o
uranium was studied and found to depress the UAl4 peritectic temperature to about 703 C, but
apparently does not eliminate the phase. No noticeable effect of these additions on the liquidus
of alloys in this range was observed(z),

The lattice constant of UAl3 is altered by partial replacement of the aluminum atoms by
silicon atoms, The composition U(Alg 94 Sig, 04)3 represents the average replacement, though
actual replacement appears to be a function of temperature, No uranium was observed to be
soluble in the aluminum and silicon phases; hence, the mutual solubilities of aluminum and
silicon are unchanged,

No change could be detected either in the aluminum-silicon(!) or aluminum- rich uranium-
aluminum 2 eutectic temperatures,

Crystallography

No new phases are reported,

References
(1} Boyle, E. J., unpublished information (February, 1951).

(2} Storhok, V., W, , and Bauer, A. A,, private communication (1958).

URANIUM-ALUMINUM-THORIUM

The aluminum-rich corner of this system has been studied, (1) The data indicate a
ternary eutectic in the neighborhood of 76 w/o aluminum, 18 w/o to thorium, and 6 w/o
uranium, The products of the eutectic decomposition are thought to be aluminum, UAl3z, and
ThAls3.

Crystallography

No compounds not appearing in the binary system were detected,

Reference

(1) Bobeck, G. E., and Wilhelm, H, A., "Alloys of Aluminum, Thorium, and Uranium'",
1SC-832 (December, 1956).
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The Constiturional Diagram

A trapezoidal region, outlined in the diagram, has been studied. (1) No new phases were
discovered in this area of the system. It is uncertain whether an additional line dividing the
trapezoid into triangles should be drawn between UC and Be,C or between UC, and UBej3.

The analyzed compositions of the alloys and results of examination by X-ray diffraction
are given below, The system has also been studied at the National Bureau of Standards, but
the resulting data were not available-for publication,

Composition, a/o Phases

U _C Be Identified
10.8 22.1 67.2 UC-Be;3U

8.4 32.5 59.1 UC+UC,
21.2 40.3 38.4 uc

5.5 32,0 62.5 UC+Be,C
21.9 29.9 48.2 UC+Be3U
217.5 35.0 37.5 Uc+UC,
11,0 41.8 47.1 uc,

21.3 42.2 36.5 uc,

28.7 49.4 21.9 uc,+UC
34.8 60.8 4.4 uc,
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Crystallography

No new phases have been reported.

Reference

(1) Kaufmann, A. R., Kulin, P, A,, and Allen, L. R., unpublished information (1949).
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The Constitutional Diagram

A portion of the uranium-bismuth-lead system has been studied by Teitel(l), The 800 C
isothermal section shown(2) represents a revision of this work to include the recently iden-
tified U3Biy phase,

It is seen that the three uranium-bismuth compounds exist in equilibrium with liquid
phases containing up to about 95 a/o lead. The UPbj phase exists in equilibrium with UBi and
liquid containing less than 5 a/o bismuth,

Crystallography

No new phases have been reported.

References

(1) Teitel, R, J,, Kammerer, O, F., and Gurinsky, D, H, , unpublished information
(August 31, 1951),

(2) Teitel, R, J,, and Bryner, J, S,, private communication {1956),
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URANIUM-BISMUTH-TIN
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The Constitutional Diagram

The portion of the diagram shown is from Teitel(l)' and is drawn for a temperature of

350 C.

Tin lowers the solubility of uranium in the liquid phase., The tin compounds exist in
equilibrium with liquids containing less than 82 a/o bismuth,
Crystallography

No new phase has been reported,

Reference

(1) Teitel, R, J., private communication (1956).
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The Constitutional Diagram

The pseudo binary UCo,-UNi, has been studied(l), The compound UCo, has the C15-
type structure while the compound UNi; has the Cl4-type structure, Isotherms at 700 and
900 C show similar phase fields, The diagram shown is for 900 C, An intermediate phase X
occurs with the C36-type structure, and in some alloys an additional pattern was observed,
Work with single crystals showed the pattern to be the result of a large c-spacing. The struc-
ture could not be reproduced in samples of the same nominal composition,

Solubility limits are given as:

900 C 700 C
Nickel, a/o Cobalt, a/o Nickel, a/o Cobalt, a/o
UNi, /(UNip + X) 58.5 8.2 56.3 10.4
X/(UNi, + X) 55.6 1.1 55.6 11.1
X/(X + UCojyp) 50,7 16,0 50.7 16.0
UCOZ/(X+UC02) 45.3 21.4 45.2 21.5
Crystallography
(2)

The structure of UCo, and UNi, has been given by Baenziger'”’, but for consistency, all
the parameters here, including that of the X-phase are taken from Brooks'"/,

Unit Cell
Number Density,
Dimensions, of g/cm3 Space
Phase Type A .Molecules X-Ray Other Group Remarks
UCo; Fce a =17,0051 8 13.8 Fd3m C15 MgCu,
structure
UNip Hexagonal a = 4,959 4 13,5 Pé3/mmc Cl4 MgZn,
c = 8,245 structure
X Hexagonal a =4,963 8 -- P63/mmc C36 MgNi,
c =16,395 structure

References

(1) Brooks, G. B., Williams, G, I., and Smith, E, A,, "Pseudo-Binary Phase Sections

Between Laves Phases in Ternary Alloys of Uranium'"  J,

Inst. Met, , 2, 271 (1954-55),

(2) Baenziger, N+ C., Rundle, R. E., Snow, A. I,, and Wilson, A, S., "Compounds of

Uranium With the First Long Period" (AECD 2598), Acta Cryst,, 3, 34 (1950),
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The Constitutional Diagram

The pseudo binary UFe,-UNi, has been studied(}), The compound UFe; has the C15-
type structure while the compound UNi; has the Cl4-type structure, Isotherms at 700 and
900 C show similar phase fields, The diagram shown is for 900 C, An intermediate phase X
occurs with the C36-type structure.

Solubility limits are given as:

900 C 700 C
Nickel, a/o Iron, a/o Nickel, a/o Iron, a/o
UNi, /(UNi, + X) 56.9 9.8 56,7 10.0
X/(UNiz + X) 54,5 12,2 54,5 12.2
X/(+ UFey) 53.9 12.8 53.9 12,8
UFe,/(+ UFe;) 47.7 19.9 47.6 19.1
Crystallography
The structure of UCo, and UNi, has been given by Baenmger(z) but for consistency, all .
the parameters here, including that of the X-phase are taken from Brooks( i
Unit Cell
Number Density, :
Dimensions, of g/cm3 Space
Phase Type A Molecules X-Ray Other Group Remarks
UFe, Fcc a=17,065 8 12,5 - Fd2m C15 MgCu,
structure
UNi, Hexagonal a =4,959
c = 8,245 4 13,5 - Péy/mme Cl4 MgZn, -
structure E
X Hexagonal a=4,972 8 -- -- Pbé;/mmc  C36 MgNi,
c = 16,425 structure i
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URANIUM-LEAD-TIN

~-— |LEAD,a/0 A-20007

The Constitutional Diagram

The portion of the uranium-lead-tin system at 350 C shown in the accompanying figure
is from Teitel(l), Extensive solubility of lead in USn3 is indicated,

The U(Sn,Pb)3 phase exists in equilibrium with liquids containing up to 97.5 a/o lead,

Crystallography

No new phases have been reported,

Reference

(1) Teitel, R, J,, private communication (1956),

87
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The Constitutional Diagram

The pseudo binary UMn;-UNij has been studied(l). The compound UMn) has the Cl5=
type structure; the compound UNip has the Cl4-type structure. Isotherms at 900 and 700 C
show identical boundaries within experimental error, and are given in the diagram. An
intermediate phase, X, with the C36-type structure was observed, In one alloy, an additional
pattern was observed; work with single crystals showed that the sample had a hexagonal cell
and an abnormally large spacing. This latter structure could not be reproduced in other
samples,

Solubility limits are given as:

900 C 700 C
Nickel, a/o Manganese, afo Nickel, a/o Manganese, a/o
UNiz/(UNiy + X) 55.9 10,7 55.9° 10.7
X/{UNiz + X) 50.9 15.8 50,9 15. 8
X/{X + UMn;}) 50.5 16,2 50,5 16.2
UMny/ (X + UMny) 48.9 17.8 48.5 17.8

Crystallography

The structure of UCO% and UNi, has been given by Baenziger(z), but the parameters given
here are all from Brooks(l , including those of the intermediate phase, X.

Unit Cell
Number Density,
Dimensions, of g/cm3 Space

Phase Type A Molecules X-Ray Other Group Remarks
UMn) Fcc a=17,156 8 12.5 - Fd3m Cl15, MgCu

structure
UNi, Hexagonal a = 4.959 4 13.5 - Cé/mmec Cl4, MgZn;

c = 8,245 Pé63/mmec structure
X Hexagonal a = 4,986 8 - - Pé3/mmc C36, MgNip

c = 16,453 structure
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URANIUM-MOLYBDENUM-NIOBIUM

Data on the effect of molybdenurmn on the shape of the %ammal-plus—gammaz loop
which occurs in binary uranium-niobium alloys is available 1) Metallographic and X-ray
results indicate that 5 a/o molybdenum increases the extent of the loop to 50 to 57 a/o niobium
at 1100 C, 30 to 65 a/o niobium at 950 C, and 15 to 69 a/o niobium at 800 C, The mono-
tectoid temperature in an alloy containing 5 a/o molybdenum and 25 a/o niobium is 647 = 3 C.
No new phases have been observed at temperatures above 650 C,

Crystallography

No new phases have been reported,

Reference

(1) Bannister, G. H., and Murray, J. R., United Kingdom, unpublished work (1957).

URANIUM-MOLYBDENUM-RUTHENIUM

A study of the high-uranium portion of the system is reported(l), The addition of about
8 a/o ruthenium to uranium-molybdenum alloys reduces molybdenum solubility in the gamma
phase to approximately 23 a/o. At 660 C, the uranium-rich limit of the gamma phase occurs
in an alloy containing about 4,5 a/o each of molybdenum and ruthenium. The gamma- and
beta~uranium phases exist in equilibrium with UzRu at this temperature,

Crystallography

No new phases have been reported,

Reference

(1) Dwight, A, E., "Nuclear Fuels Newsletter', WASH-702 (May, 1957), Classified,
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The Constitutional Diagram

An investigation of the region between the delta phases of the uranium-molybdenum and
uranium-titanium systems has been conducted on alloys ranging in composition from uranium-
31.5 a/o molybdenum to uranium-34 a/o titanium{1), The tentative ternary cut shown is
based upon metallographic, X-ray, and thermal-analysis data.

In the compositional range investigated the three components show complete solubility
at elevated temperatures, The epsilon phase which appears in these alloys is a body-centered
cubic solid solution rich in molybdenum and titanium, With the formation of the uranium-
titanium delta phase and with decreasing temperatures, the epsilon phase becomes depleted
with respect to uranium; the gamma phase approaches the uranium-molybdenum eutectoid
composition,

The absence of beta uranium in these alloys indicates that the equilibrium established
between the gamma-uranium and uranium-titanium delta phases restricts the beta phase to
high-uranium alloys. At lower temperatures, the equilibrium established between the alpha-

uranium and epsilon phases restricts the delta-phase regions.

Ternary solubility of molybdenum and titanium in the respective delta phases is limited.

Crystallography

No new phases have been reported.

Reference

(1) Saller, H. A., Rough, F. A., Bauer, A. A,, and Doig, J. R., "Constitution of Delta~-
Phase Alloys of the System Uranium-Molybdenum-Titanium', BMI-1134 (September, 1956),
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URANIUM-NIOBIUM-ZIRCONIUM

Diogram drawn
20 for 630 C
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—=—— URANIUM, a/0 a-26950

Diogram drawn
for 500 C

A-2695!
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The Constitutional Diagram

The uranium-rich portion of the system has been investigated by Dwight and Mueller (1),
Ternary sections showing the phase boundaries as they exist at 630 and 500 C are shown in the
accompanying figure.

At elevated temperatures, uranium, zirconium, and niobium exhibit complete solubility.
The addition of about 2 a /o niobium closes the gamma)-plus-gamma; loop in the uranium-
zirconium system, while the addition of 15 a /o zirconium is required to eliminate this loop in

the uranium-niobium system. With the addition of 15 a/o niobium, the delta phase in the
uranium- zirconium system is eliminated and the gamma phase is stabilized to room temperature.

Crystallography

No new phases are reported.
Reference

(1) Dwight, A. E., and Mueller, M. H., "Constitution of Uranium Niobium and
Uranium-Niobium- Zirconium Systems'', ANL-5581 (October, 1957).
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URANIUM-OXYGEN-ZIRCONIUM

DIAGRAM DRAWN
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ZIRCONIUM, c/o

The Constitutional Diagram

The system was first investigated by Saller{l). Gonfirmation of the phase relationships
in the system has been reported by Rough(z) in the region of the intermediate delta phase of the

uranium-zirconium system.

The delta phase is seen to be restricted in extent by oxygen additions. Solubility of oxygen
in the uranium-zirconium delta phase is slightly-less than 500 ppm, solubilities in the ternary
section drawn for 540 C being exaggerated to permit illustration of the phase relationships. E

The restriction of the delta phase is a consequence of the pronounced stabilizing effect of
oxygen on the epsilon (alpha-zirconium) phase. (3) As a result of this stabilization, an equilib-
rium between the alpha-uranium and epsilon (alpha-zirconium) phases is set up which restricts
the delta phase.
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The same phase relationships exist for the gamma-uranium phase above the delta-phase
transformation temperature. With increasing temperature the limits of the gamma phase in the
binary system broaden until complete solubility exists as shown in the diagram drawn for a tem-
perature of 1095 C.

Solubility of oxygen in the gamma phase is limited.

Crystallography

No new phases have been reported.

References
(1) Saller, H. A,, Rough, F. A., Bauer, A. A., and Fackelmann, J. M. ,.""Phase
Relationships of the Uranium-Zirconium-Oxygen System Involving Zirconium and
Uranium Dioxide'", BMI-1023 (July 28, 1955).
(2) Rough, F. A., Austin, A. E., Bauer, A. A., and Doig, J. R., "The Stability
and Existence Range of the Zirconium-Uranium Epsilon Phase', BMI-1092

(May 28, 1956).

(3) Domagala, R. F., and McPherson, D. J., "Systems Zirconium-Oxygen', Trans.
AIME, 200 (1954).

URANIUM-THORIUM-ZIRCONIUM

The effect of small additions of zirconium on the eutectic and liquid immiscibility gaps that
occur in binary uranium-thorium alloys has been studied by thermal analysis and metallographic
methods in arc-melted alloys. (1) No new phases were observed, the zirconium being dissolved
in the thorium and uranium. With 13 a/o zirconium the pseudo binary eutectic occurs at 7 a/o
thorium and 1168 C. No liquid immiscibility gap occurs in alloys containing 10 a /o zirconium.

Crystallography

No new phases have been reported.

Reference

(1) Murray, J. R., United Kingdom, unpublished information (1957).
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URANIUM-TITANIUM-ZIRCONIUM
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The Constitutional Diagram

An investigation of the region between the intermediate delta phases of the uranium-
titanium and uranium-zirconium systems has been reported(l), as has been a study of the high-
uranium portion of the system at temperatures of 700, 750, 800, and 850 C. {2) The results of
both investigations are consistent with each other. A tentative ternary cut based upon data ob-
tained from alloys ranging in composition from uranium-35 a /o titanium to uranium-74 a/o
zirconium(!) is shown as is a ternary section for 700 C. {2)

At elevated temperatures uranium, titanium, and zirconium exhibit complete solid solu-

bility. The gamma phase is stabilized to a temperature below the binary uranium-zirconium
eutectoid, (1)

Ternary solubility of zirconium and titanium in the respective delta phases is limited. (1)
Solubility of zirconium in U,Ti decreases with increasing temperature; a corresponding decrease
in extent of the gamma-plus-U,Ti region accompanies this decreasing solubility. (2

At 700 C the addition of less than 1.5 a/o titanium to uranium-zirconium alloys is re-
sponsible for the disappearance of the gamma-plus-gamma, field. (2)

Crystallography

No new phases have been reported.

References

(1) Saller, H. A., Rough, F. A, , Bauer, A, A., and Doig, J. R., "Constitution of
Delta-Phase Alloys of the System Uranium-Zirconium-Titanium", J. Metals, 9,
878-881 (July, 1957).

(2) Howlett, B. W., Associated Electrical Industries Research Laboratory, United
Kingdom, unpublished information (1957).
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MELTING POINTS AND ALLOTROPIC MODIFICATIONS OF THORIUM

The metal thorium is face-centered cubic at room temperature and body-centered
cubic at high temperature,

The existence of a high-temperature thorium modification has been demonstrated by
Chiotti(l), who employed high-temperature X-ray diffraction methods, Evidence for and con-
firmation of the allotropic change has been reported by a number of additional
investigators(z: 3,4, 5),

The temperature of the thorium transformation has been determined by Chiotti(®) to be
1360 = 10 C and the melting point 1755 + 10 C. These values were derived by studying
throium of varying carbon content and extrapolating the curves of transformation and melting
temperatures back to zero carbon, These temperatures have been used to standardize the
construction of the thorium constitutional diagrams,

The lattice constants of alpha and beta thorium vary somewhat with grade and degree of
contamination. The lattice constants tabulated are for production-grade thorium, The lattice
constant of alpha thorium increases from 5, 089 A at room temperature to 5,161 A at
1200 cfl),

Unit Cell
Number Density,
Dimensions, of g/cm3 Space
Phase Type A Molecules X-Ray Other Group Remarks
Alpha Fcc a =5089 11. 6 At room
temperature
Beta Bcece a =4,12 At 1400 C

References

(1) Chiotti, P., "High-Temperature Crystal Structure of Thorium', J, Electrochem, Soc,,
101, 567-70 (1954).

(2) Murray, J. R., United Kingdom, unpublished information (June 25, 1952).

(3) Deem, H. W., unpublished information (1953),

(4) Boyle, E. J., and Adams, R, E., unpublished information {1953),

(5) Wilson, W. B., Austin, A, E., and Schwartz, C. M., '"The Solid Solubility of Uranium
in Thorium and the Allotropic Transformation of Thorium-Uranium Alloys', BMI-1111

(July 12, 1956).

(6) Chiotti, P, , unpublished information (1955).

95
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The Constitutional Diagram

The diagram shown is based on experiments by Murray(l), Braun and van Vucht(2, 3),
and Leber{4), There are six compounds in the system: ThpAl, Th3Alp, ThAl, ThAl;,
ThAl3, and a sixth compound stable only at high temperatures, with a composition between
ThAl and ThAlp. There are many points of similarity between this diagram and an earlier

one proposed by Saller and Rough(5) who obtained evidence for four intermetallic compounds,

Hansen(6) surveyed early experiments on these alloys. The result of this survey and
the work of Grube and Botzenhardt(7) are in general agreement with the diagram as shown.

The solid solubility in aluminum in carefully homogenized alloys appears to be a

maximum of 0. 7-0. 8 w/o thorium, (5) This estimate is based on metallographic examination

and thermal analyses of a series of alloys, Determinations of lattice constants indicate as
much as 2.0 w/o thorium is soluble in aluminum. (7) The same report indicates that the
solubility decreases with decreasing temperature. Another report indicates a solubility as
low as 0. 001 w/o thorium(8} on the basis of measurements on microhardness., This pro-
cedure appears to be questionable, at least in this case,

The solid solubility of aluminum in thorium is quite limited, being approximately
0.8 a/o aluminum at 1200 C. (1)

Crystallography

The crystal structures of compounds in this system have been reported by Braun and
van Vucht, (2,3) Murray(9) has also reported the structures of ThpAl, Th3Alp, ThAl,, and
ThAlj, while Anderson and Goedkoop(lo) confirmed the structure of ThAl; by neutron-
diffraction studies. The ThAl3 lattice parameters had been reported earlier by Brauer{1l),

Some evidence for a high-temperature modification of the ThAl, phase has been
re 15)
ported by Saller and Rough'?/,
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Unit Cell
Number Density,
Dimensions, of g /em3 Space
Phase Type A Molecules X-Ray Other Group Remarks
Gamma Tetragonal a=7.614 4 9.67 9.7 I4/mcm Isomorphous
(Th,Al) c = 5.857 with CmAly,
Tthg, TthLl,
Th,Cu, ThyZn
Delta Tetragonal a=8.125 2 9.0 9.0 P4/mbm Isomorphous
(Th3Al) c=4.217 with U3Sis,
Th,Si,
Epsilon Orthorhombic a=11,45 4 8.11 8.10 cz222
(ThAl) b=4,42
c=4.19
Zeta Tetragonal . a=9.89
(X) c =181
Eta Hexagonal a = 4, 388 1 7.0 7.0 P66/ Isomorphous
(ThAl,) c =4 162 mmm with AlB,,
ThCuj,, ThNijy,
p-ThSi,
Theta Hexagonal a = 6,500 2 6.14 6.14 Pb3/ Isomorphous
(ThA13) c = 4,626 mmc  with SnNig

References
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THORIUM-ANTIMONY

A diagram of the thorium-antimony system has not been worked out but there is evidence
of three intermetallic compounds ThSb, Th3Sb4, and ThSby. (1) The solubility of thorium in
liquid antimony has been reported(z) as:

Temperature, C 650 700 750 800 850 900

Solubility, w/o <0. 05 <0. 05 0.1 0.3 0.5 1.0
Crystallography

Unit Cell
Number Density,
Dimensions, of g/cm3 Space

Phase Type A Molecules X-Ray Other Group Remarks
ThSb Fcc a =6.318 4 9.32 NaCl-type structure,

isomorphous with
ThAs, ThC, ThN, USb

Th3Sby Bcc a=9.371 4 9.55 143d Isomorphous with
ThyPy, ThyAsy,
ThyBiy, U,Sby
ThSb; Tetrago- a = 4.353 2 9. 09 P4/nmn Isomorphous with
nal c=9.172 ThAs,, ThBi,, USby,
Cu,Sb

References

(1) Ferro, R., "Crystal Structures of the Thorium Antimonides”, Acta Cryst., 9 (10), 817

(1956).

(2) Hayes, E. E., and Gordon, P., J. Met, and Cer., TID-65, 130-41 (July, 1948).
Classified.

THORIUM-ARSENIC .

A diagram of the thorium-arsenic system has not been worked out but there is evidence
of three intermetallic compounds, ThAs, Th3Asy, and ThAs;.

Crystallography

The data below are from Ferroll),

Unit Cell Density,
Dimensions, Number of g/cm3 Space

Phase Type A Molecules X-Ray Other Group Remarks

ThAs Fcc a=5.972 4 NaCl-type structure,
isomorphous with ThSb,
ThC, ThN, UAs

Th3Asgq4 Bcc a = 8.843 4 143d Isomorphous with Th3Pg4,
Th3St.>4, UsAsy,
Th3Biy

ThAsp  Tetrago- a = 4.086 2 P4/nmn Isomorphous with ThSbj,

nal c =8.575 UAs,, ThBi;, Cu,Sb
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BERYLLIUM a/o

The Constitutional Diagram

There is only one compound, ThBe)3, in this system., The portion of the system which
is shown has been reported both by Spedding(1)} and by Foote(2),

The eutectic occurs at about 1, 75 w/o beryllium and 1215 C,

(1955).
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Crystallography

The compound ThBe]3 has been studied by Baenziger(3) and also by Koehler{4), The
data in the tabulation below are from Baenziger. Koehler confirms these data, on the basis
of both X-ray and neutron-diffraction experiments,

Unit Cell
Number
Dimensions, of. Space
Phase Type A Molecules Group Remarks
Gamma Fcc a = 10,395 '8 Fm3C Isomorphous with NaZn}3, .
(ThBej3) ZrBe3, CeBej3, and ' %
UBe ;3
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(1) Spedding, F. H., unpublished information (November, 1944).
(2) Foote, Frank, Metallurgy Division Progress Report, CT-2794 (April, 1945).

(3) Baenziger, N. G., and Rundle, R, E., "The MBe]3 Compounds" (AECD-2506), Acta
Cryst. 2, 258 (1945).

(4) Koehler, W, C., Singer, J., and Coffinberry, A, 5., '"X-Ray and Neutron Diffraction
Studies of the MBe |3 Intermetallic Compounds", Acta Cryst., 5, 394 (1952).
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The Constitutional Diagram

The diagram shown is from Bryner(l); it is revised to include the compound Th3Biy as
determined by Ferrol2), Bryner had indicated this compo'uhd as having a composition corre-
sponding to Th3Big. Earlier, Johnson(3) had reported the same compound as ThBi3. Ferro
has al(si))identified ThBip and reports that two phases close to ThBi in composition may
exist. ’

Alloys containing 20 to 100 w/o bismuth have also been investigated by Clinton(4), His
results, obtained by thermal analysis, are in substantial agreement with the diagram shown
except that the liquidus is reported to rise more steeply, the liquidus of a 3 a/o thorium alloy
being 1250 C.
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A summary(s) of the solubility of thorium in bismuth as determined by several investi-
gators(l; 6, 7) has been issued; the results show good agreement. Values as given by Hayes

and Gor don(6 ) are:

Temperature, C 500 550 600 650 700 750 800 850 900.

Solubility, w/o 0.1 02 0.3 05 07 11 1.5 2.3 3.2

Values for solubility obtained by Greenwood(8) show some scatter but tend to be slightly
lower than those reported by other workers. He found that at low temperatures the solubility
curve follows the relation

log,y (thorium, w/o) = 3. 02—3—2%—9 .

The following values were obtained:
Temperature, C 415 509 596 700 801 923 1042 1100

Solubility, w/o 0. 04 0.08 0.39 0.43 1. 25 2.2 4.2 5.6

Crystallography

The data below are from Ferro(z).

Unit Cell D N
Number ensity,
Dimensions, of g/cm3 Space

Phase Type A Molecules X-Ray Other Group Remarks

Th3Biy Bec a=9,559 4 11. 65 143d Isostructural with
Th3P4, ThiAsy,
Th3Sby, and UzAsy

ThBi, Tetrago- a=4.492 2 11.5 P4/nmm Isostructural with

nal c =9.298 ThASZ, Tthz, UASZ,

and CuySb

References

(1) Bryner, J. S., and Teitel, R. J., private communication (1956).
{2) Ferro, R., Acta Cryst., 10, 476 (1957).
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{4) Clinton, D. M., United Kingdom, unpublished information (1955).

(5) Sibert, M. E., Steinberg, M. A., and Teitel, R. J., J. Electrochem Soc., 104, 374
(1957).

(6) Hayes, E. E., and Gordon, P., J. Met. and Cer., TID-65, BO-41 (July, 1948).
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(8) Greenwood, A. W., AERE M/R 2234 (1957).
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THORIUM-BORON

Two borides, ThBy and ThBy, have been observed and identified,

There is a eutectic between beta thorium and ThB, at about 1550 C. The melting
point of ThB4 is well above 2500 C, (1) The melting point of ThB¢ has been reported as
2195 C(Z), but Brewer reports that ThBg is too unstable for refractory use, (1

Boron has been reported to be soluble in thorium to some extent(3), but the amount
has not been specified,

The lattice constant for ThBy4 did not vary in alloys containing 25 to 85 a/o boron;
hence, it appears that ThB4 has a very narrow solubility range. (1)

Existence of an additional boride at about 50 a/o boron has been reported, (3) This
report probably should be discounted, since Brewer{l) has shown that thorium metal is
present up to the composition of ThB4. A third phase in this region, identified as a solid
solution of ThO,; and ThBy 1), may account for reports of additional borides.

Crystallography

The tabulated data for ThB4 are those of Zalkin and Templeton(4), while the data for
ThB¢ are from the work of Kiessling<3).

The hexaboride, ThBy, was reported as early as 1932. (5,6) More recent data are re-
ported by Lafferty(z) and by Bertaut and Blum(7). Lafferty gives the lattice constant for
ThB, as a =4. 15 A. Bertaut(? reports the same constant as a =4.1132 A, and indicates
that the alkali metals can replace thorium in the lattice, giving solid solutions described by
ThXNa(l-X)Bé' Parameters are reported for these solutions for 1-X =0.44 to 0.77.

Unit Cell
Number
Dimensions, of Density, g/crn3 Space
Phase Type A Molecules X-Ray Other Group Remarks
ThB4 Tetragonal a=7.256% 0.004 8. 45 P4/ Isomorphous with
c=4,113% 0,002 mbm  CeB, and ThB,
ThBg Cubic a=4,16 Isomorphous with

hexaborides of
Ba, Sr, Ca, Yb,
La, Ce, N4, Pr,
Gd, Y, and Er
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THORIUM-CARBON
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The Constitutional Diagram

The diagram shown is from Chiotti(l); it represents a tentative revision of his earlier
work(2;3), The pronounced effect of carbon on the thorium transformation temperature and
melting point is well established. In fact, the values of 1360 and 1755 + 10 C, respectively,
were obtained by examining thorium of varying carbon content and extrapolating plots of the
resultant da*a to zero carbon.

Reported values(ly4; 5, )of carbon solubility in alpha thorium vary with the experimental
techniques employed in their determination and range from about 0.2 to 0. 35 w/o carbon at
room temperature. The solubility curve shown represents a workable interpretation until
these discrepancies are resolved,

Crystallography

The monocarbide, ThC, has the NaCl-type structure. The data in the table are from
Chiotti(2, 3), who found that the lattice constant varied from 5.29 A at 3.9 w/o carbon to
5.34 A at 4. 92 w/06 carbon,

The dicarbide, ThC,, was formerly believed to have a distorted-tetragonal structure(z).
Later studies by Hunt and Rundle (6), who used both X-ray and neutron-diffraction methods,
have shown that it is c~centered monoclinic, as described in the tabulation, The positions
of the thorium atom as determined by X~ray are the same in either space group, while
satisfactory carbon positions have been found in C 2/c by neutron diffraction, Considerable
covalent character is indicated for the Th-C bonds. (6)

104



(.

R

) &R R R & R &R R

(]

| .

Unit Cell
Number Density,
Dimensions, of g/cm3 Space
Phase Type A Molecules X-Ray Other Group Remarks
Gamma Fcc a=5,34 4 NaCl-type struc-
(ThC) ture, isomorphous
with ThN, UC,
UN, and UO’
Gamma c-Centered a=6,53 4 C 2/c
(ThC,) monoclinic b = 4.24 or
c =6,56 Cc
B =104°
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THORIUM-CERIUM
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The Constitutional Diagram

The diagram which is shown has been reported by Weiner(1l), All the alloys were
prepared by arc melting, Lattice parameters of powders which had been annealed at 550 C
showed a large negative deviation from Vegard's Lawl(l,2),

Peterson(3) also investigated a series of thorium-cerium alloys and found that cerium
and alpha thorium are completely soluble, He prepared the alloys by co-reduction at tem-

peratures of 1000 to 1400 C, Earlier experiments by Foote(4) also indicated complete solu-
bility in both the liquid and solid states in this system.

Crystallography

No compounds occur in this system.

References
(1) Weiner, R. T., United Kingdom, unpublished information (1956).

(2) Van Vucht, J. H., "Some Data About the System Cerium-Thorium", Philips Res. Rept.,
12, 351-54 (1957).

(3) Peterson, D., and Mickelson, R., unpublished information (March 31, 1952),

(4) Foote, F., Division of Metallurgy Report, CT-2794 (April, 1945).
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The Constitutional Diagram

The diagram which is shown has been reported by Wilhelm{l), The eutectic occurs at
about 25 a/o chromium and 1235 C. The absence of compounds in the system was confirmed

by X-ray diffraction studies.

The solubility of thorium in chromium, and of chromium in thorium, is quite limited.

Crystallography

No compounds occur in this system.

Reference

(1) Wilhelm, H. A,, Newton, A, S., Daane, A. H., and Neher, C., "Thorium Metallurgy",

CT-3714 (February, 1946).

THORIUM-COBALT

A diagram of the thorium-cobalt system has not been worked out, but there is evidence

of five intermetallic compounds, Th7Co3, ThCo, ThCo,_3, ThCos, and ThyCoj7.
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Crystallography

The data below are from Florio, Baenziger, and Rundle(l).

Florio, Baenziger, and Rundle(l) report that Th2Co17, ThpFe]17, Th2Niy7, and ThMnj2
are all related, even though different crystal classes are represented. The structures appear
to be based on the MgZng lattice in which thorium replaces magnesium and the transition ele-
ment replaces zinc. It is reported that the superlattices of hexagonal Th2Ni]7, monoclinic
ThyFej7 and ThpCoj7, and body-centered tetragonal ThMn), can be derived by systematic re-
placement of particular thorium atoms in the MgZng lattice with pairs of transition-element
atoms.

Unit. Cells
Number Density,
Dimensions, of g/em Space
Phase Type A Molecules X-Ray Other  Group Remarks
Th7Co3z Hexagonal a= 9.83 2 Céme Isomorphous with
c= 6.17 Th7Fe3 and
Th7Ni3
ThCo Orthorhombic a = 3,74 4 Cmcm or
b = 10,88 Cmc
c= 4,16
ThCoy_3 Hexagonal a= 5,03 Cé6/mmc, True c dimension
c =24.54 Cémc, or is 8 or 9 times
Cé2c the co or about
200 A
ThCog Hexagonal = 5,01 1 Cq /mmm Isomorphous with
= 3.97 CaZnS, ThFeg,
and ThNig
ThCoj7 Monoclinic a 9.62 2 C2/m Isomorphous with
b= 8,46 Th,Fey,
c= 6,32
IS = 9906!

References
(1) Florio, J. V., Baenziger, N. C., and Rundle, R. E., "Compounds of Thorium with

Transition Metals II. Systems With Iron, Cobalt, and Nickel", Acta Cryst., 9 367-72
(1956).
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The Constitutional Diagram

The thorium-copper diagram which is shown is based on data of Wilhelm(l), Snow and
Rundle(z), Grube and Botzenhardt(3), and Murray(4). There appear to be three compounds in
the system: ThyCu, ThCu;, and ThCuyg.

Raube and Engel(s), who have a different view of the nature of the system, report four
compounds, nominally Th3Cug, ThCu3z, ThCug, and ThCug.

The compounds in this system are pyrophoric(s).

Crystallography

The tabulated data are from Snow and Rundle(z).

Unit Cell ]
Number Density,
Dimensions, of g/cm3 Space

Phase Type A Molecules X-Ray Other Group Remarks
Gamma Bc tetrago- a=7.29 4 Clb6-type struc-

(ThCu) nal c =515 ture, isomorphous

with CuAl,

Delta Hexagonal a =4 36 1 P6/mmm C32-type struc-

(ThCu,) c =3.48 ture, isomorphous

with AlB,

Epsilon Not availa-
(ThCuy) ble
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The Constitutional Diagram

The portion of the diagram shown is from Raub and Engel(l)._ The crystal structure
of an additional pyrophoric compound, Th2Au, has been reported by Murray(z).

The solubility in gold is less than 0. 5w/o thorium, (1)

The compounds shown in the diagram tend to be pyrophoric. (3)

Crystallography

The data below for ThpAu are from Murray(z).

Unit Cell
Number Density,
Dimensions, of g/cm? Space
Phase Type A Molecules X-Ray Other Group Remarks
ThyAu Tetragonal a=17.42 4 14/ Isomorphous
c =595 mcm  with CuAlp, @
ThpAl, and
Th,Ag
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The Constitutional Diagram

The diagram shown is from Loomis and Carlson(l), A variety of techniques were
employed in the determination,

Solubility of hafnium in beta thorium is approximately 17 a/o at the eutectic tempera-

ture, Solubility in the terminal alpha, gamma, and delta phases is limited.

Crystallography

There are no intermetallic compounds in the system thorium-hafnium,

References

(1) Loomis, B. A., and Carlson, O. N,, "Thorium and Hafnium Phase Diagram', [5C-766
(1956); Trans. Am. Soc. Metals, 50 (1958).



THORIUM-HYDROGEN

Two hydrides have been identified: ThHp(1) and ThyH,5(2).

A study of dissociation pressures in the thorium~ThH, range has revealed a solubility
in thorium of about 13 a/o hydrogen at 650 C and about 23 a/o hydrogen at 900 C.

The solubility range of the dihydride, ThH,, appears to be limited.(l)

Crystallography

The crystallography of the hydrides ThH) and Th4Hjs5 is summarized in the tabulation
below.

Rundle, Schull, and wollan{1) have studied ThH, and ThD, and have determined the
lattice constants and thorium-atom positions by X-ray diffraction, the hydrogen-atom posi-
tions by neutron diffraction.

N
The structure of ThH; is tetragonal, and there appears no likelihood that it will prove
to be monoclinic, as did the "pseudo-tetragonal™ ThC,. The structure is of the distorted-

fluorite type.

The data for ThyH;5 are from Zachariasen(z).

Unit Cell
Number Density,
Dimensions, of E/cm3 Space
Phase Type A Molecules X-Ray Other Group Remarks
ThH, Bc a=4,10%0,03 2 9.20 Isomorphous with
tetragonal ¢ = 5,03 + 0. 03 ZrH,
Th,H, . Cubic a=9.,11% 0,02 4 143d

References

(1) Rundle, R. E., Schull, C. G., and Wollan, E. O., "The Crystal Structure of Thorium

and Zirconium Dihydrides by X-ray and Neutron Diffraction", Acta Cryst., 5, 22-6 (1952).

(2) Zachariasen, W. H., "Crystal Chemical Studies of the 5{-Series of Elements XIX. The
Crystal Structure of the Higher Thorium Hydride", Acta Cryst., 6, 393-5 (1953).

(3) Mallett, M. W., and Campbell, Ivor, "The Dissociation Pressures of the Dihydride in
the Thorium-Thorium Dihydride System!", J. Am. Chem. Soc., 73, 4850-2 (1951).

THORIUM-INDIUM

The solubility of thorium in liquid indium is reported to be undetectable at 650 C and
to be 0,25 and 0.95 w/o at 800 and 900 C, respectively,

Crystallography

No data are available.

Reference

(1) Hayes, E. E., and Gordon, P., J. Met, and Cer.,, TID-65, 130-41 (July, 1948).
Classified,
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THORIUM-IRIDIUM

A compound, Thlr,, has been identified. (1) No other data are available.

C rystallography

Data for ThIrZ(l) are given below.

Unit Cell
Number
Dimensions, of Density, g/cm3 Space
Phase Type A Molecules X-Ray Other Group Remarks
Thir, Cubic a = 17.6615 8 Fd3m MgCu,-type

structure

Reference

(1) Dwight, A, E,, Downey, J. M., and Conner, R. A,, Jr., "The Laves Phases ThOs>
and Thlr,", submitted to J.. Metals (October 7, 1957).

THORIUM-IRON

There are four intermetallic compounds in the thorium-iron system: Th7Fe3, ThFe3,
ThFes, and Tthe17(l).

The compound Th7Fe3 appears to form by peritectic reaction between 850 and 1000 C. (2)
A eutectic has been reported at 46 a/o iron and 860 C. (3) This composition is between
Th7Fe3 and the next compound, ThFej3.

There is evidence of some solubility of iron in thorium{2) and of thorium in iron(4),
but the regions of both solid solutions are limited,

Crystallography
The data given in the tabulation below are from Florio, Baenziger, and Rundle(l),

It is reported(l) that ThzaFe)7, ThpCoy7, ThpNiy7, and ThMny; are all related even
though different crystal classes are represented, The structures appear to be based on the
MgZng lattice in which thorium replaces magnesium and the transition element replaces
zinc, It is proposed that by systematic replacement of particular thorium atoms in the
MgZng lattice with pairs of transition élement atoms, the superlattices of hexagonal
Th,Nij7, monoclinic ThyFe)7, and Th;Co}7, and body-centered tetragonal ThMnj, can be
derived,

Unit Cell
Number Density,
Dimensions, of g/cm3 Space
Phase Type A Molecules X-Ray Other Group Remarks
ThyFe3 Hexagonal a=29.85 2 Cémc Isomorphous
c =6.15 with Th7Co3
A and Th7Ni3
ThFe3 Hexagonal a=5.22 9 Cobm2
c =24.96
ThFes Hexagonal a=>5.13 1 ce/ Isomorphous
c =402 mmm with CaZng,
ThCog, and
ThN15
ThyFe 7 Monoclinic a=9.68 2 C2/m Isomorphous
b =8.56 with ThpCoy}7
c = 6,46
B =99°20"
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THORIUM-LANTHANUM

Peterson(l) studied a series of thorium-lanthanum alloys metallographically and
found that lanthanum and thorium exhibit extensive solubility, The alloys were prepared
by co-reduction at 1000 to 1400 C.

Crystallography

There are no compounds in this system.

References

(1) Peterson, D., and Mickelson, R., unpublished information (March 31, 1952),
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The Constitutional Diagram

A portion of the diagram has been determined by Bryner(l). The compound ThPb, may
show a limited solubility range. Weiner(2) has also investigated this system and reported
the existence of two pyrophoric compounds ThPb and ThPb;. Metallographic examination
showed that the solubility of lead in thorium was less than 1 afo at 625 c.(2)

The compound Tth3 has a density of 12.3 g/cm3,(l)

Crystallography

No data are available on the crystal structure of the compounds.

References
(1) Bryner, J. S., and Teitel, R. J., private communication (1956),

(2) Weiner, R. T., United Kingdom, unpublished information (1956).
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The Constitutional Diagram

The diagram shown is from Peterson“’z), He reports a single compound, ThMg,,
which transforms from hexagonal to cubic symmetry at about 700 C. The cubic phase decom-
poses peritectically at about 790 C. The composition of the compound was determined by
chemical analysis of crystals of the compound mechanically separated from the matrix of
thorium-magnesium alloys.



This ThMg, phase reported by Peterson apparently corresponds to the cubic ThMg
phase reported by Yamamota, Levinson, and Rostoker(3), who report an additional unidentified
compound of higher thorium composition. The composition ThMgy was determined by means
of quantitative metallography.

The eutectic composition is reported(3) to be approximately 8 a /o thorium with maximum
solubility of thorium in magnesium, 0.5 a/o, occurring at the eutectic temperature. The
solubility decreases to 0.1 a/o at 300 c.(3)

The solubility of magnesium in thorium appears to be low(l), since no change in the
thorium lattice constant was observed in thorium-magnesium alloys at room temperature.

Crystallography

The data tabulated below are from Peterson(l). The delta ThMg2 phase is stable above
about 700 C; the cubic gamma ThMg, is stable below this temperature.

Unit Cell
Number Density,
Dimensions, of g/cm3 Space

Phase Type A Molecules X-Ray Other Group Remarks
Gamma Hexag- a=6,086 P63/rnmc Isomorphous with

(ThMg,) onal c=19.64 Ni,Mg
Delta Cubic a= 8.570 8 Fd3m Isomorphous with

(ThMg5,) Cu,Mg

References
{1) Peterson, D, , unpublished information (March, 1954).

(2) Peterson, D. R., Diljak, P. F., and Vold, C, L., "The Structure of Thorium-Magnesium
Intermetallic Compounds", Acta Cryst.,1-90, 1036 (1956).

(3) Yamamoto, A. S., Levinson, D. W., and Rostoker, W., "Research on Phase Relation~-
ships in Magnesium Alloys", WADC TN-649 (November 1, 1955).

THORIUM-MANGANESE

There is evidence of three intermetallic compounds: TthZ’ ThéMn23, and Tthlz- (1)

Wilhelm(?2) reports that a eutectic occurs at 911 C at a composition greater than 20 a/o
manganese. Addition of 1 a/o manganese lowers the thorium lattice constant to a = 5, 0746 A.(2)

Crystallography

The data tabulated below are from Florio, Rundle, and Snow(”.

There is a similarity in the structures of ThyMnjy3 and TthlZ(l). In both structures,
body-centered cubes of manganese atoms tie thorium atoms together. In the ThyMn,3 struc-
ture, each such cube has a thorium atom attached to each face, while in Tth12 only two
opposite faces are bound to thorium. i

Florio, Baenziger, and Rundle(3) report that ThMnj,, ThyFey7, ThyCoj7, and ThyNijg
are all related, and, while they represent different classes of crystals, appear to be based on
the MgZng lattice. A more complete discussion of their relationship is presented in "The
System Thorium-Iron',
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Unit Cell
Number Density,
Dimensions, of g(cm3 Space
Phase Type A Molecules X-Ray Other Group Remarks
ThMn,, Hexag- a=5.48 = Pb, /mmc Cl4~type
onal 0.01 struc-
c=8.95 % ture,
0.02 isomor-
phous
with
Man2
ThyMn, 4 Fcc a=12.523 % 4 9,03 9.02 % Fm3m Density for
0. 001 0.05 8l.8 a/o
manga-
nese alloy
ThMn, , Tetrag- a=8.74 % 2 8.12 14 /mmm
onal G.01
c=4,95 =
0,01
References

(1) Florio, J. V., Rundle, R. E., and Snow, A. I., "Compounds of Thorium With Transition
Metals' (AECD-3249), Acta Cryst., 5, 449-57 (1952).

(2) Wilhelm, H. A., Newton, A. S., Daane, A, H., and Neher, C,, "Thorium Metallurgy'',
CT-3714 (February, 1946).

(3) Florio, J. V., Baenziger, N. C., and Rundle, R. E., "Compounds of Thorium With Tran-
.ition Metals: II. Systems With Iron, Cobalt, and Nickel', Acta Cryst., 9, 367-72 (1956).
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The Constitutional Diagram

The diagram shown is from Domagala(l). Data were obtained by employing a closed
system. The alloy specimens, which were enclosed in small capsules, attained equilibrium
with the vapor pressure of mercury as dictated by pressure and composition.

Two compounds appear in the system, ThHg and ThHgj. The ThHg decomposes eutec-
toidally at some temperature between 400 and 600 C.

Solubility of thorium in liquid mercury is %iven as 5 w/o at 300 C. (1) The solubility at
25 C has been reported as 0.154 w/o thorium. (2

The solubility of mercury in solid thorium appears negligible.

Crystallography

The data tabulated for ThHg, are from Domagala(l) and Baenziger(3). Baenziger gives
cell dimensions of a = 3.38 A and ¢ = 4.92 A, rather than the values given which are from
Domagala. Domagala reports that ThHgy exhibits a disordered structure with only two atoms
per unit cell, In contradiction to the work of Baenziger, Domagala reports a very restricted
homogeneity range for ThHgj since alloys on either side of the phase showed identical lattice
parameters.

Data for ThHg are from Domagala(l), Weak superlattice lines were exhibited by this
phase.

Unit Cell
Number Density,
Dimensions, of g/cxn3 Space

Phase Type A Molecules X-Ray Other Group Remarks
Gamma Fcc a = 4,80

(ThHg)
Delta Hexag- a = 3.361 1/2 14.2 Appears isomorphous

(ThHg3) onal c=4,905 with UHg,

References

(1) Domagala, R. F., Elliott, R. P,, and Rostoker, W., '""The System Mercury-Thorium'",
to be published, J. Metals (1958},

(2) Park, W. G., and Prime, G. E., J. Am. .Chem. Soc., 58, 1413 (1936).

(3) Baenziger, N. C., Rundle, R, E., and Snow, A. I., Acta Cryst., 9, 93 (1956).

THORIUM-MOLYBDENUM

Metallographic examination of high-molybdenum alloys showed that thorium was present
as a second phase. Hence, no intermetallic compounds occur in this system, (1,2) A eutectic
is reported to occur at 38 a/o (20 w/o) molybdenum and 1380 C. (3)

Crystallography
No compounds occur in this system.
References
(1) Rough, F. A., private communication (1952).
(2) Pipitz, E., and Kieffer, R., Z. metallkunde, 46, 187-94 {1955).

(3) Wilhelm, H. A., "Nuclear Fuels Newsletter'", WASH-704 (December, 1957). Classified.
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The Constitutional Diagram

The diagram which is shown is that of Horn and Wasserman((l >); it has been revised to
2

incorporate changes indicated by the work of Wilhelm and Carlsont#4/,

The melting points of compounds reported by Wilhelm and Carlson agree fairly well with
similar data of Horn and Wasserman. The compounds in the system are Th7Ni3, ThNi,
ThNi,, ThNig, and ThéNilT (2,3,4) Horn and Wassermantl) have reported the compounds
tentatively as ThZNi, ThNi, TthiS, ThNig, and ThNi9, but this determination was not based
on X-ray examination.

Carlson{(2) has shown that the lattice constant for nickel is affected little by addition of
4 a/o thorium. Accordingly, the solubility of thorium in nickel is slight.

Crystallography

The data tabulated are from Florio, Baenziger, and Rundlel(3),
There was evidence of a range of composition in ThNig to perhaps ThNi4(3).

It is reported(3) that ThZNi”, ThZFe”, Th,Coy7, and ThMny,, although all represent-
ing different classes, are related. These structures are based on the MgZng lattice in which
thorium replaces magnesium and the transition element replaces zinc. By systematically re-
placing particular thorium atoms with pairs of transition-element atoms, the superlattices of
hexagonal Th,Nij7, monoclinic ThyFe|7 and Th,Co;, and body-centered tetragonal ThMn,
can be derived,
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Unit Cell

Number Density,
Dimensions, of g{cm3 Space
Phase Type A Molecules X-Ray Other Group Remarks
Gamma Hexag- a=9.86 2 Cémec Isomorphous i
(Th7Ni3) onal c=26.23 with ThoFe,
and ThyCog
Delta Ortho- a= 14,51 % 8 Pn2a or E
(ThNi) rhombic 0,04 Pnma
b=4.31=%
0,02
c=5,73 %
0,02
Epsilon Hexag- = 3,95 P6/mmm AlBZ-type E
(ThNiZ) onal = 3.83 structure,
isomorphous
with ThCu, ﬁ
Zeta Hexag- a=4.97 1 Cém2, Isomorphous
(ThNiS) onal c=4,01 Cbébmm, with CaZng,
or C6/ ThFe5, and i
mmim ThCo5
Eta Hexag- a= 8.37 2 C6 /mmoc,
(ThZNil7) onal c=8.14 Cébme,
or
Cb2c

References
(1) Horn, L., and Wasserman, C., Z. Metallkunde, 39, 273 (1948).

(2) Wilhelm, H. A., Carlson, O. N., and Snow, A. I., Progress Report in Metallurgy,
ISC-6, 75-77 (May 1, 1947).

(3) Florio, V. F., Baenziger, N. C., and Rundle, R. E., "Compounds of Thorium with
Transition Metals II. Systems with Iron, Cobalt, and Nickel", Acta Cryst., 9, 367-72
(1956).

(4) Murray, J. R., "The Crystal Structure of Some Thorium Compounds', J. Inst. Metals,
4, 91-6 (1955).
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The Constitutional Diagram

The diagram which is shown has been determined by Carlson(l). The diagram is based

on metallographic examination, resistance measurements, thermal analyses, and X-ray
diffraction experiments.

There are no compounds in the system, and a eutectic occurs at 1435 C and 8 w /o

niobium. Solid solubility is very limited in all of the terminal phases. The maximum solu-

bility in thorium is probably less than 1 w/o niobium at 1435 C.

The lattice constants of alpha thorium are lowered from 5.089 to 5. 086 A by additions of
niobium. The data indicate that probably much less than 0.1 w/o niobium is soluble in alpha

thorium.

High-temperature X-ray experiments indicated that the beta-to-alpha transformation in
thorium appears to be lowered slightly by niobium. (l) Chiotti(2,3) reports that niobium getters
thorium and that carbon raises the transformation temperature, On this basis, it appears that

the effect of niobiurn may be largely the result of removal of carbon from solid solution.

Crystallography

There are no compounds in the thorium-niobium system,
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THORIUM-NITROGEN

There are two thorium nitrides formed: ThN(1) and ThZN3(2’3). The mononitride, ThN,
is stable to quite high temperatures, even under vacuum. Its melting point is 2630 £ 50 C.
The sesquinitride, Th2N3, is not stable at 1500 C under vacuutn. (2) Both nitrides are reported
to react slowly at room temperature with oxygen and moisture from the air to form ThO,.

Early reports of Th3N, are probably attributable to the identification of ThN or ThZN3.
In at least one case, a lattice constant identical with that of ThN was reported.

The solubility of nitrogen in thorium has been determined. (4) Over the temperature
range 845 to 1490 C the solubility is expressed by the following equation: log;, (nitrogen, w/o)
= -2405 T + 0.9115.

Crystallography

The mononitride, ThN, has the NaCl structure. The tabulated data are from Rundle(l).
Chiotti{2) reports a lattice constant of a = 5,144 A for fused ThN.

The tabulated data for Th2N3 are from Zachariasen(3). Chiotti(z) has reported similar
results, giving a = 3.87 and c = 6,16 A,

Unit Cell
Number Density,
Dimensions, of g (cm3 Space
Phase Type A Molecules X-Ray Other Group Remarks
ThN Fcc a=5,20 4 11.56 -- -~ NaCl-type structure,
isomorphous with
ThC, UC, UO, and
UN
Th2N3 Hexag- a=3.875 1 -— ~= C3m LaZO3-type structure
onal 0,002
c=6.175 %
0.004
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(1948).

(2) Chiotti, Premo, ""Experimental Refractory Bodies of High-Melting Nitrides, Carbides,
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THORIUM-OSMIUM

A compound ThOs; has been identified. (1) No other data are available.

Crystallography

The structure of ThOs, is given below. (1)

Unit Cell
Number Density,
Dimensions, of g/cm Space
Phase Type A Molecules X-Ray Other Group Remarks
ThOs Cubic a="7.7050 8 Fd3m MgCu-type

structure
122

.



R ]

Reference

(1} Dwight, A. E., Downey, J. M., and Conner, R. A., Jr., "The Laves Phases ThOs, and
Thir)", submitted to J. Metals (October 7, 1957).

THORIUM-OXYGEN

There appears to be only one stable oxide, ThOz.(l) It is reported to have a melting
point of 3300 £ 100 C.(3)

The solubility of oxygen in thorium is very limited(1), Iodide thorium samples,
analyzed before and after reaction with oxygen at 1415 C for 3 hr, contained 0,028 + 0,003
w/o oxygen indicating that the thorium was originally saturated in oxygen. Consequently,
this value represents an upper limit for oxygen solubility at 1415 c.(2

Crystallography

Thorium dioxide, ThOp, has the fluorite structure and is completely soluble with UO5.
Solid solutions of the two oxides obey Vegard's law. (3,4)

The data tabulated below are from Zachariasen(5). Slowinski(4) reports similar data,
giving a = 5,586 A, while Lambertson(3) reports a lattice constant of a = 5.5961 + 0, 001 A

for ThO;.
Unit Cell
Number Density,
Dimensions, of g/cm3 Space

Phase Type A Molecules X-Ray Other Group Remarks

ThO, Cubic a =5.5859 + 0,0005 4 Fluorite structure,
isomorphous with
U0z, NpOz, PuOy,
and AmOp
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THORIUM-PHOSPHORUS

There is evidence of at least two thorium-phosphorus compounds. Meiselll) examined
thorium-phosphorus materials ranging from ThPy 4 to ThP| ;5 and reported a subphosphide,
composition unknown, and the phosphide Th3Py4.

Crystallography

The tabulated data are from Meisel(l). Zumbusch( 2) has shown that U3P4 is isomorphous
with Th3P4 and that UP, which has the NaCl structure, is isomorphous with the thorium
subphosphide.



Unit Cell
Number Density,
Dimensions, of g/cm Space
Phase Type A Molecules XrRay Other Group Remarks
Subphosphide Fcc a=5.818 % 0.003 Composition unknown
Th3P4 Bcc a = 8.600+ 0.002 4 8.56 8.44 143d
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The Constitutional Diagram

The diagram shown is from Poole, Williamson, and Marples(l). It was derived from
X-ray, metallographic, dilatometric, and thermal-analysis data.

Plutonium dissolves extensively in alpha thorium, as shown, but no data for plutonium
solubility in beta thorium were obtained. Very approximate studies of the liquidus suggest
that it is nearly horizontal in the region zero to 50 a/o plutonium and subsequently falls very
steeply to the eutectic at 605 C and approximately 93 a/o plutonium.

A maximum solubility of 5 a/o thorium in the eta (delta plutonium) and iota (epsilon
plutonium) phases is given. Solubility of thorium in the delta, epsilon, and zeta phases (alpha,
beta, and gamma plutonium, respectively) is believed to be small, but phase relationships
below 440 C have not been investigated. The eta phase is retained at room temperature,
however, even after cooling at 3 C/min.

The formation of gamma, ThgPuj3, is very sluggish on cooling. Alloys solidified under

normal cooling rates were observed to contain alpha thorium and iota (epsilon plutonium). Gama
forms subsequently on annealing at about 550 C.

Crystallography

Unit Cell
Number Density,
Dimensions, of g/cm3 Space
Phase Type A Molecules X-Ray Other Group Remarks
Gamma Orthorhombic a=9.820 1 13.96 14.0
(ThgPu 3) b=8.164
c=6.681

Reference

(1) Poole, D. M., Williamson, G. K., and Marples, J.A.C., AERE M/R 2156 {(1957);
J. Inst. Metals, 86, 172-6 (December, 1957).
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THORIUM-SELENIUM
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The Constitutional Diagram

According to D'Eye(l), there are five intermetallic compounds in the thorium-selenium
system. These are ThSe, Th,Se,, Th,Se;,, ThSe,, and ThySe,.

A portion of the system is shown in the accompanying diagram(l). The thorium used
in this work contained up to 0.5 w/o oxygen, and ThOSe was present, Except for the com-
position range ThSeq 7 to ThSej 1, ThOSe was observed as a discrete phase and probably
does not affect the diagram appreciably. (1

The diagram shown is based on experiments in which a variety of techniques were
utilized.

Crystallography

The crystallography of the thorium selenides is summarized in the accompanying tabu-
lation. No data are available for Th3Se7, although crystals of this compound were isolated
by subliming selenium from selenium-rich samples. :

The structure of ThOSe, which was present as an extraneous phase in part of the work,

is tetragonal witha =4,038 + 0,005 A, and c = 7.019 £ 0.005 A, It has two molecules per
unit cell in the space group P4/nmm, PbFCl-type structure.

126




CO &) &) &

a0 B B

Unit Cell
Number Density,
Dimensions, of g/cm Space
Phase Type A Molecules X-Ray Other Group Remarks
Gamma Fcc a=5.875% 0,002 4 NaCl-type
{ThSe) structure
Delta Ortho- a=11.34+0,05 4 SboS3-type
(ThzSe3) rhombic b =11,57 £ 0,05 structure
c=4,27+0.01
Epsilon Hexagonal a = 11,569 1 P63/m Isomorphous
{(Th7Seq2) c=4.23x0.01 with Th7S8)2
Zeta Ortho- a =4,420 £ 0.002 4 Pmnb Isomorphous
{ThSe)) rhombic b =7.610 = 0,002 with ThS;
c =9.064 £ 0.002
Eta No data available
(Th3Se7)
References

(1) D'Eye, R, W. M., Sellman, P, G., and Murray, J. R., "The Thorium-Selenium
System', J, Chem. Soc. (London}, 2555-62 (1952),

(2) D'Eye, R. W. M., "The Crystal Structures of ThSe? and Th7Sej2'", J. Chem. Soc,
(London), 1670-72 (1953).

THORIUM-SILICON

There is evidence of at least four intermetallic compounds in the thorium-silicon
system, Zachariasen(1) reports alpha and beta ThSip and Th3Sip while Brauer(2) has re-
ported only the alpha ThSiz compound. Jacobson(3) reports Th3Sip in addition to the three
forms given by Zachariasen.

There is a eutectic at the thorium end of the system. Foote(4) gives its location as 10
a/o silicon at a temperature above 1300 C,

Crystallography

The data for alpha ThSip are from Brauer(z), for beta ThSi, from Zachariasen(l), and
for ThSi and Th3Sip from Jacobson(3),

Unit Cell
Number Density,
Dimensions, of g/cm Space
Phase Type A Molecules X-Ray Other Group Remarks
Alpha Bc tetrag- a =4.126 4 7.79 7.63 I4/amd  Isomorphous with
ThSip onal c = 14,346 alpha USi;
Beta Hexagonal a = 3,986 Appears to be simi-
ThSip c =4.227 lar to beta USip
Th3Sip Tetragonal a = 7,835 4 P4/mbm Isomorphous with
c @4, 154 U3Si2 and Th3Al;
ThSi Ortho- a =589 4 Pbnm Isomorphous with
rhombic b = 7,88 FeB, USi, PuSi
c =415

127



References

(1) Zachariasen, W, H., unpublished information (August, 1953).

(2) Brauer, G., and Mitius, A., "The Crystal Structure of ThSi2", Z, anorg. u. allgem.
Chem. , 249, 325-39 (1942).

(3) Jacobson, E, L., Freeman, R, D,, Tharp, A. G., and Searcy, A, W., "Preparation,
Identification, and Chemical Properties of the Thorium Silicides', J. Am. Chem. Soc.,

78, 4850 (1956).

{4) Foote, F., Metallurgy Division Progress Report, CT-2794 (March 27, 1945},

THORIUM-SILVER
SILVER, w/0
2 5 10 30 40 [
120077 T 2|0 T T 10 BIO
L ™ J2000

\ w
o 1000 < ~ &
w \\/ \/ 2
2
@ —— —" — e cfuaet &
2 @
b= 1600 W
o a
& 800 2
2 g g -

= Oz

a -

Jiz00
600
0 20 40 60 80 100
SILVER, 0/0

The Constitutional Diagram

The portion of this system which is shown is from Raub{l}), An additional pyrophoric
thorium-rich compound, ThpAg, is reported by Murray(z).

The solid solubility in silver is less than 0.2 w/o thorium. (1)

The compound Thi3Ags is pyrophoric. (1

Crystallography

The crystal structure of ThpAg has been reported by Murray(z),

Unit Cell
Number Density,
Dimensions, of g/cm3 Space
Phase Type A Molecules X-Ray Other Group Remarks
ThpyAg Tetragonal a=7.56 4 I4/mcm Isomorphous with
c =584 CuAl,, ThyAl,

and ThyAu

References
(1) Raub, E., Z., Metallkunde, @_(1949).

(2) Murray, J. R., "The Crystal Structure of Some Thorium Compounds", J. Inst. Metals,
4, 91-6 (1955).
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THORIUM-SODIUM

A partial diagram has been reported for this system by Grube and Botzenhardt{!l) which
showed extensive solubility of thorium in sodium and the presence of an intermetallic com-
pound, Later work by Kelman(2) has shown, however, that this early work is in error.
Numerous tests show that thorium is not attacked by sodium at temperatures of 650 to 800 C
or by sodium-potassium mixtures at temperatures from 300 to 900 cl2),

Crystallography

It is uncertain whether compounds may exist in this system.

References

(1) Grube, G., and Botzenhardt, L., "The Alloys of Thorium With Copper, Aluminum, and
Sodium'", Z. Elektrochem., 48, 422 (1942).

(2) Kelman, L., private communication (1955).

THORIUM-SULFUR

Four sulfides of thorium have been identified: ThS, ThS3, Th7512, and ThS;. (1,2) The
sulfide Th7S], is reported to have solubility limits of ThS; 7} to ThS) 74. The melting points
of the sulfides are as follows:

ThS 2200 C

Th,S3 1950 £ 50 C
Th4S;, 1770 £ 30 C
ThS, 1905 % 30 C

No other data on the constitution of this system are available,

Crystallography

The crystallography of the thorium sulfides has been studied by Zachariasen(253) and is
tabulated below,

A report in the literature(®), indicating a sulfide of ThS 5 to ThSg 75 with a defect
NaCl structure, has been shown to be in error, Zachariasen{2) has shown that ThSg, g35 contains
metallic thorium and that the monosulfide is characterized by a thorium-sulfur ratio of 1,0,

The lattice constants of the sulfide Th7S;, have been shown to vary with composition over
the range ThSy 7] to ThS) 7¢. The data indicate that this is a defect structure from which
thorium atoms can be removed without destroying the stability of the phase., There is not room
for more than 12 sulfur atoms per unit cell(3),

D'Eye(s) has shown that the thorium sulfides are isomorphous in each case with corre-
sponding selenides. An additional polyselenide, Th3Se7, to which no sulfide corresponds, was
found;
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Unit Cell
Number Densitgr,
Dimensions, of g/cm Space
Phase Type A Molecules X-Ray Other Group Remarks
ThS Fcc a=05,682% 0,002 4 9.56 Isomorphous with US
and CeS
Th,S3  Ortho- a=10,99 £ 0,05 4 7.87 Pbnm  Sb;S3-type structure,
rhombic b = 10,85+ 0,05 isomorphous with
c=3,96+0,03 Np,S3 and U,S3
ThyS;, Hexag- = 11,063 + 0,001 1 7.88 7.73 Pé3/m
onal c=3.991 + 0,001
ThS> Ortho- a=4,268+ 0,002 4 7.36 Pmnb  PbCl,-type structure
rhombic b = 7,264 £ 0,003
c=8,617+0,003
References
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THORIUM-TANTALUM

Wilhelm{1) examined thorium and tantalum after reaction at 2000 C and found only alpha
thorium, tantalum and thorium dioxide by X-ray diffraction examination, Similar results are
reported by Murray and Thomas (2 .

Wilhelm reports that the solubility of thorium in tantalum is quite limited, This report is
based on a determination of the lattice coefficients of the tantalum solid solution., No reliable

data are available on the solubility of tantalum in thorium, Chiottil3) reports that thorium is
gettered by additions of tantalum,

Crystallography

No intermetallic compounds occur in this system,

References
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CT-3714 (February, 1946).
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(3) Chiotti, P, , private communication (March, 1954),

130




al B

80 B B & B &

THORIUM-TELLURIUM

D'Eye(l) has reported the existence of three intermetallic compounds in this system ThTe
ThTe;, and Th3Teg which all decompose below 1000 C to thorium and tellurium,

An additional compound, nominally assigned the stoichiometry of Th;Te has also been
reported(z),

Crystallography

No details are available for either ThTe; or Th3Teg; both gave complex diffraction
patterns(l), The structure of ThOTe which was present as an extraneous phase is tetragonal
with a = 4,120 and ¢ =9.564 A. It has two molecules per unit cell in the space group P4/nmn
and is isostructural with ThOSe and ThOS,

Unit Cell
Number Density,
Dimensions, of g/cm Space
Phase Type A Molecules X-Ray Other Group Remarks
ThTe Cubic a = 3,826 1 Pm3m CsCl-type

structure
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THORIUM-THALLIUM

The solubility of thorium in liquid thallium is reported to increase from 0,27 w/o at
800 C to 0,33 w/o at 900 cl1),

Crystallography

No data are available,

Reference

(1) Hayes, E, E., and Gordon, P,, J, Met, and Cer,, TID-65, 130-41 (July, 1948).
Classified,

THORIUM-TIN

The solubility of thorium in liquid tin has been reported as follows: less than 0,05 w/o,
600 C; 0,2 w/o, 700 C; 1,9 w/o, 800 C; and 4.3 w/o, 900 C,
Crystallography

No data concerning compounds in this system are available,

Reference

(1) Hayes, E, E,, and Gordon, P,, J. Met, and Cer,, TID-65, 130-41 (July, 1948),
Classified,
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THORIUM-TITANIUM
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The Constitutional Diagram

The diagram which is shown has been determined by Carlson{l), It is based on
experiments utilizing a variety of methods, These include X-ray diffraction, metallographic
examination, thermal analyses, and diffusion experiments.

There are no compounds in this system, A eutectic is formed at 1190 C and 12 w/o ti-
tanium. It is reported that the transformation in titanium is unaffected by additions of
thorium.

Lattice constants were determined for alloys in this system. The data indicate that the
solubility in thorium is §Jrobab1y less than 0.1 w/o titanium, and the solubility of thorium in
titanium is even less.

Since the solubility of titanium in thorium is slight, there is probably little effect of

titanium on the transformation of thorium from alpha to beta. Chiotti{2) reports that titanium
getters thorium,

Crystallography

There are no compounds in the thorium-titanium system.

References
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THORIUM-TUNGSTEN
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The Constitutional Diagram

The diagram which is shown was determined by Lloyd and Murray(l). It is based on

studies in which a variety of experimental techniques were used.
any of the terminal phases.

TEMPERATURE , F

There is little solubility in

This is in general agreement with earlier work of Wilhelm(z), who reported that there
were no intermetallic compounds in the system and that the eutectic temperature was 1475 C.

Crystallography

No compounds occur in this system.
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THORIUM-VANADIUM
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The Constitutional Diagram

The diagram which is shown has been reported by Levingston and Rogers(l). It is based
on studies in which a variety of experimental techniques was used.

There are no compounds in this system. The eutectic reaction is indicated as occurring
at 1400 C and 19 a/o (5 w/o0) vanadium(l), although in a more recent determination(z) the
eutectic temperature is reported as 1420 C, Vanadium has little effect on the transformation
of thorium from alpha to beta(l), the transformation being given as 1360 C in thorium-
vanadium alloys. (Zg

There is little solubility in any of the terminal phases in this system. A specimen of
thorium had a lattice parameter of a = 5,087 % 0. 002 A when furnace cooled and examined by
X-ray diffraction. Specimens of thorium quenched from 1300 C gave a lattice parameter of

a=5,094 £0,004 A, This parameter indicates that only a slight solubility of vanadium in
thorium occurs even at high temperatures, (1

Crystallography

There are no intermetallic compounds in this system.

References
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(April 22, 1953),
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THORIUM-ZINC

Wilhelm (1) has reported a compound, Th;Zn. It is stable to 1040 C, at which
temperature it decomposes to form thorium and zinc.

Data are incomplete for the system from ThyZn to zinc. However, Nowotny(z) has
reported that a compound, ThZng, is formed.

Crystallography

Baenziger has reported the data for Th,Zn, and Nowotny the data for ThZng given below.
g p 2 Yy 9 8

Unit Cell Density,
Dimensions, Number of g/cm?3 Space

Phase Type A Molecules X-Ray Other Group Remarks
ThpZn Bec tetrag- a=7,60 4 10.6 I4/mecm  Isomorphous with

onal c=05.64 CuAl,, ThyAl,

ThyAu, ThyCu
ThZng Hexagonal a=5.24 1 P6/mmm Isomorphous with
c =445 CaZng, ThFes,

CeZng
References
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(3) Baenziger, N. C., Rundle, R, E., and Snow, A, I,, "Structure of the Compounds
ThpCu, ThCup, ThpZn, and ThHgy", Acta Cryst,, 9, 93 (1956),

THORIUM-ZIRCONIUM
ZIRCONIUM ,w/0
2 5 10 20 30 50 70
20007 T T T T T 3600
1800 —
/,// 3200
\\\\ /,
\ /
1600 > L z

v
\
\34\ /’-*B / 2800
\
L \ y

\\ ,/ - w
« .
[8) w
< 2400 ¥
£ g
Y 1200 iy
14
w \ ;
o B

wt
= 2000 &
w

100! a+h '\
\
1600
800 / \ 8,

a+f, \

~—

[
h Batry
| {1200
60! I 73
, a+y
400 l 4800
0 20 40 60 80 100

ZIRCONIUM ,a/0
135



The Constitutional Diagram

The diagram shown is from Carlson(l’z). It is confirmed in part by the work of Saller
and Rough(3). The eutectoid at the zirconium end of the system occurring at 650 C and
14.7 a/o thorium and the minimum in the liquidus is confirmed by Murray(4).

The betal-plus—beta.2 loop shown is based on high-temperature X-ray studies of alloys
prepared from sponge thorium and crystal-bar zirconium. Attempts to retain a two-phase
microstructure by quenching from within the loop were unsuccessful. Similarly,

Murray 4 reports that no evidence of the beta;-plus-beta, was obtained metallographically in
alloys made by arc melting crystal-bar thorium and zirconium. However, in alloys prepared
from bar-stock thorium the existence of a small beta)-plus-beta, field with a maximum com-
position and temperature range of 38 to 65 a/o zirconium and 915 to 950 C, respectively, was
observed. These results seem to indicate that in pure binary alloys the immiscibility loop
tends to close.

The solubility of zirconium in alpha thorium is based on lattice-parameter measure-
ments{2), The solubility of thorium in gamma (alpha zirconium) is less than 2.2 a/o. (5)

Crystallography

There are no compounds in the thorium-zirconium system.
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THORIUM-BERYLLIUM-SILICON

Note: There is no ternary
eutectic unless it is
very neor the
beryllium eutectic .,
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PRIMARY COMPOUND
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The Constitutional Diagram

A portion of the liquidus of the thorium-rich alloys has been reported, (1) There is a
eutectic trough which slopes from a maximum greater than 1300 C at the thorium-silicon
eutectic to the thorium-beryllium eutectic at 1215 C, (2)

Crystallography .

No new phases are involved in the ternary system,

References
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THORIUM-BISMUTH-LEAD
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The Constitutional Diagram

An isothermal section determined at 1000 C by Bry'ner(l) is shown in the accompanying
figure. As noted in the thorium binary-diagram section, Ferro(2) has identified the compound
shown here as Th3Bis as Th3Big, Consequently, some revision in the diagram shown is un-
doubtedly required., However, since exact details are unknown, the diagram has been re-
produced as originally determined,

Lead lowers the solubility of thorium in bismuth,

Crystallography

No new phases are involved in the thorium-bismuth-lead system.

References
(1) Bryner, J. S., and Teitel, R, J,, private communication (1956).

(2) Ferro, R., Acta Cryst,, 10, 476 (1957),
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