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DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or any agency
thereof.

DISCLAIMER

Portions of this document may be illegible in electronic image
products. Images are produced from the best available
original document.
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INTRODUCTION

Considerable work has been accomplished on the
phase relationships of cerium alloys since the 1950's,
The results, however, are generally widely scattered
through the technical literature and often do not appear
im suitable form for metallurgical use,

This report represents a compilation of cerium
alloy phase equilibria data based on the most reliable
information available. - The binary systems. selected
are those of cerium with each of the following twenty -
nine éelements which might be commonly found in
steels: “Al; Sb, As, Bi, Ca, C, Cr, :Co, Cb: (Nb),
Cu, Fe, Pb, Mg, Mn, Mo, Ni, N, O, 'P; Se, Si; Ag,
S, Te, Sn, Ti, W and Zn. A brief discussion; a
summary of crystal lattice parameters where appli-
cable;, and a list of references is included for each
element surveyed,

PHASE DIAGRAMS

Where the equilibrium relationships have been
reasonably well established, the phase diagram is
presented in two forms — temperature in °C vs.
atomic percent and weight percent, respectively,

The Ce-rich portions of the diagrams have been
adjusted to reflect the most accurate melting point
and y = 0 transformation temperatures of cerium

currently available. 8ol

When this correction has
exceeded 5°C, an explanatory note is included in the

discussion.

Based on our experience, rare earth phase dia-
grams determined prior to World War II are, for the
most part, unreliable. In as much as these data can,
in many instances, lead to erroneous conclusions, we
believe that to include them in this critical review
would be a disservice to the scientific community,
However, for completeness, references to the earlier
work or to pertinent reviews are included in the bib-
liography.

CRYSTAL DATA

When two or more references have been cited for
a given'alloy structure, the crystal lattice parameters
represent an average value and the error limits in-
dicate the maximum observed deviation from the’
average value. Lattice constants containing less than
three significant figures to the right of the decimal
were generally not included in the averages except when
they represented the greatest degree of accuracy

available, Error limits should be interpreted as

follows:
6.078+8 = 6.07810. 008
6.165+10= 6,165+0.010
REFERENCES

The reference numbers used herein correspond to
those of the Molycorp referencing system,

801, Beaudry, B., private communication, Ames
Laboratory, USAEC, lowa State University, Ames,
TA, (July, 1974).



CERIUM — ALUMINUM

PHASE DIAGRAM
Buschow and van Vm:ht802 examined the Ce-Al
2800
system between 60 and 100 a/o Al (22 and 100 w/o Al)
by means of thermal, metallographic and X-ray 1400
1990 {2400
analyses using 99.99% pure Al.and 99, 9% pure Ce. 500k Oé)4 558
[235%" wr%ce
The Ce contained primarily La, Pr and Nd as im- 1200
purities, ' In Figures la and lb, their results are o 42000 &
J 10200 wi
combined with previously published data for alloys of ui 1000 x
x =
0 to 60 a/0 Al (0 to 22 'w/o Al) as reviewed by 2 1600 g
803 & 7 i
Gschneidner. Of the five compounds identified, w 800 %
L
= pas
Ce3A1 and CeAl2 form congruently, ‘CeAl and C}e?’Al11 !u_.l 640° 860° 550
form peritectically, and CeAl3 forms peritectoidally, 600
The aluminum-rich compound which was previously
B @ i
reported to have the CeA14 stoichiometr—y803 4 actu- 400+ e s 800
Y
ally has the Ce;Al; . composition, 803 The o & 3 trans-
37711 o500 .
formation observed for Ce,Al at 250°C iis further 200 1 | L l 400
3 e 0 20 40 60 80 100
confirmed by electrical resistance techniques, Ce WEIGHT PERCENT Al Al
Buschow .and van Vuch‘cso5 have noted that C, but not Fig. la, : Ce-Al Phase Diagram (in w/0).

CRYSTAL DATA

Crystal Lattice Parameters }

Compound Class a b < References
a—Ce3A1 hex. 7.04242 - 5,450+1 803-4
B-Ce,Al cubic = 4.998+16 - - 803-4

CeAl ortho. 9.270 7. 680 5,760 803, ~806-8
CeAl, cubic 8. 054429 - - 802-4, 812-14
Ceal, hex. 6. 54342 - 4,610¢1 802, 815-6
0,—Ce3A111 ortho, 4.39243.13,018+7 10.082+10: 802,805, 817
B—Ce3A111 tetr. 4,377+3 - 10.030 802 -4
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Fig, 1b, Ce-Al Phase Diagram (in a/o).
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N or O, stabilizes the B-Ce3A1 form, A polymorphic
transformation was also indicated at 1020°C for

Ce3A111. Two crystalline forms of the monoaluminide

803, 806-8
a

have been reported — orthorhombic nd

809-10

cubic. Attempts to reproduce the preparation

806-8
a

of the cubic form have been unsuccessful, nd

it is doubtful that this phase is a true equilibrium in

the pure Ce-Al binary system. Bdcle and Lemaire 087

noted that the CeAl orthorhombic prisms ave analogous
with the semi-lattice of the cubic structure, Three

eutectic reactions occur — L @ Ce + B-Ce Al at

3
approximately 11 a/o Al 2.3 w/o Al), L ® p-CegAl+

CeAlat 30 a/o Al (7.7 w/o Al) and L 2 Al + a-Ce AL

3 1
at about 96 a/0 Al (84 w/o Al). A wmaximum solubility

of 0.01 a/o Ce {0.05 w/o Ce) in Al at the 640°C

eutectic temperature has been extrapolated from the

11
lower temperature solid solubility data of Drits et al. 8

(see insertions in Figures la and 1b),

811, Drits, M. E., E. S, Kadaner, N, D, Shoa, Izv.
Akad, Nauk SSSR, Metal. 1969 (1), 219-23 {1969).
Eng. Transl., Russ. Met. 1969 (1), 113-7
{1969).
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813, Harris, I. R., R. C. Mansey, G. V. Raynor,
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815, Kripyakevich, P. I, I. I. Zalutskii, Dopovidi
Akad. Nauk Ukr. RSR 1965, 54-6 (1965),
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CERIUM — ANTIMONY

PHASE DIAGRAM REFERENCES ‘

No temperature-composition data is available for 803, Gschneidner, K, A, Jr., Rare Earth Alloys,
: Van Nostrand, Princeton, N.J. (1961},

the Ce-Sb system,

818, Olcese, G, L., Atti accad, Nazl, Lincei Rend.
40, 629-34 (1966).

. 819. Gambino, R. J., J. Less-Common Metals 12,
344-52 (1967).

820. Rieger, W., E. Parthé, Acta Cryst. B24,
456-8 (1968).
CRYSTAL DATA
821, 'Hohnke, D., E. Parthé, Acta Cryst. 21, 435-7
Two compounds — Ce,Sb and Ce3SbZ — have been (1966).

reported818 in addition to the four intermediate phases 822, ‘Iandelli, A., Atti accad. Nazl. Lincei Rend,
37,:160-4 (1964),
for which structure data is available (see Table)., From
818 823, Kuz'min, R. N,, S, V. Nikitin, Kristallografiya
the results of Olcese, CeSb appears to exist over 8, 453-4 (1963), Eng, Transl. Soviet Phys, -
Cryst. 8, 354-5 (1963).
a composition range from at least CeSb0 94 to about

319 824. Wang, R., H. Steinfink, Inorg., Chem, 6, 1685-
CeSh .. Ce;Sh, forms peritectically, 92 (1967).
1,00 4773
Crystal Lattice Parameters A
Compound Class a b c References
Ce;Shy hex, 9.30249 - 6.514+5 820
Ce,Sb, cubic 9.520+9 - - 819, 821
CeShb cubic 6.420+9 - - 803, 818, 822-3
CeSb, ortho. 6,295+6  6.12416 18,2142 824



CERIUM — ARSENIC

QASE DIAGRAM

There is not sufficient phase relationship data
available to prepare a diagram.

CRYSTAL DATA
. .. 825
X -ray crystallographic studies made on alloys
prepared at temperatures of 500 - 900° C indicate the

formation of Ce4As CeAs and CeAs2 stoichiometries.

3’
On'the basis of samples prepared between 1100 and

1400°C, Olcese 818 reported that CeAs exists in

equilibrium with Ce and CeAs, over a solid solution
range from CeAs 4 0o to CeAs ¢ 00° It is quite
likely that the Ce PR 3 found by Ono825

decomposes

to Ce and CeAs between 900 and 1100°C,

REFERENCES

803. Gschneidner, K, A., Jr., Rare Earth Alloys,
Van Nostrand, Princeton, N.J. (1961).

818. Olcese, G, L., Atti accad, Nazl. Lincei Rend.
40, 629-34 (1966).

822, TIandelli, A,, Atti accad, Nazl, Lincei Rend,
37, 160-4 (1964).

825, Omo, S., J. G. Despault, L. D, Calvert, J. B,
Taylor; J. Less-Common Metals 22, 51-9
(1970).

826, Rieger, W., E. Parthé, Monatsh. Chem. 100,
1370-1 (1969).

827, Aeby, A., F. Hulliger, B, Natterer, Solid State
Commun, 13, 1365-8 (1973).

828, Faktor, M., M., R, Hanks, J. Inorg. Nucl. Chem.

31, 1649-59 (1969).

Crystal Lattice Parameters 4
Compound Class a c References
Ce4As3 cubic 9.052+1 - 825-6
CeAs cubic 6.07848 - 803, 818, 822,
827-8
CeAs, mono.” 4,165 10, 561 825

& The oblique angle, B, is equal to 106, 72°,



CERIUM — BISMUTH

PHASE DIAGRAM
Some phase equilibria data were determined prior

to the 19508, but are not reliable and thus are not in-

2 Ce4Bi3 is.expected to melt peritecticéally . .
around 1600°C:

3. The Bi-rich phase - probably CeBi, =~ melts

cluded here. ‘The earlier diagram is given in

803

Gschneidner's 1961 review, X -ray data have

confirmed the existence of Ce4Bi3 and CeBi.

On the basis of studies of the other rare earth

829 830 831 819,

systems {Pr-Bi, Y -Bi, Nd-Bi, Gd-Bi,

832 and Dy-Bi 819

) and the similarities expected for
rare earth-bismuth systems, the following properties
are anticipated for the Ce-Bi alloys:

1, The CeBi phase is probably the highest

peritectically at 91:0%C. 823
4. A eutectic on the Ce-rich side probably occurs.,
The solubility of cerium in liquid bismuth has

been determined by Pleasa.nce833 from 271 to 910°C

834 1 om 300 to 450°C.

and by Schweitzer and Weeks
The results of the two investigations are infair agree-
ment with each other, 'Since the data of Pleasance

covers a wider temperature range their parameters

are given here:

3030
melting compound with.a congruent melting point log (ppm Ce) = 7, 74 - T
estimated to be >1700°C, where T is in °K,
CRYSTAL DATA
Crystal Lattice Parameters :
Compound Class References
Ce Bi, cubic 9. 656416 819, 821
CeBi cubic 6.497+10 . 803, 818, 822, 835
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Lichtenberg, J. Less-Common Metals 18, 215-
20 (1969).

831. XKobzenko, G. F., V. B, Chornogorenko,
- Dopovidi Akad. Nauk Ukr, RSR 1970A, 945-8
(1970). Eng. Transl. ORNL-tr-2517 (1971})..
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0).
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terly ASM 54, 185-200 {1961).

835, Zhuraviev, N, N., G, S, Zhdanov, N. E.
Alekseevksii, Vestn. Mogk., Univ., Ser., Mat.,
Mekhan,, Astron,, Fiz. i Khim, 14, 117-27
(1959). ‘[orig. not available; info. quoted by B.
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CERIUM - CALCIUM

.ASE DIAGRAM rich ends of the diagram are shown in Figures 2a and
The diagrams shown heére are based on the known 2b,
equilibria data as reviewed by Gschaeidner, 803 The
general form of the phase diagram illustrates the CRYSTAL DATA
limited mutual solubility of cerium and calcium in . No compounds are formed betwéen cerium and
both the liquid and solid forms,. The Ce-richand Ca- calcium,
880 TNT T 880 N T T
‘ \\ —1600 \\ ~1600
Ly+L
seobL L‘ + L2 [ 860 | 2
850° w 8502
N 43° - K 843°
i’ 840~ = 8:“' ‘9” 840
=
& E &
= & 2
& 820} Li+Ca u < 820 Ly+Ca
B i {1500 = u 1500
P w a
i = Z
fos
800\ 795° = 800
(-2 o ©
792 , 792 792
3Ce+L 3Ce+Ca 3Ce+Ca
780 L] RN i R 1 1 780 ot o) ]
003 08 g5 95 - 0 "N96 97 98 99 100
G € a
WEIGHT PERCENT Ca ATOMIC: PERCENT Ca
Fig. 2a, Ce-Ca Phase Diagram (in w/0). Fig. 2b. Ce-Ca Phase Diagram (in a/o).
REFERENCES

803. " Gschneidner, K, A,, Jr.,  Rare Earth Alloys,
Van Nostrand, Princeton, N.J. (1961);

TEMPERATURE, °F



CERIUM — CARBON

PHASE DIAGRAM

Figures 3a and 3b indicate tentative phase

diagrams as originally proposed by Stecherietali; 836

but also incorporate modifications based on several
837
t )

{

researches,  Three compounds — CeC Ce, G

4400

3. 2400
and CeC, — have been reported, although the exist-

ence of CeC is dubious. Since rare earth carbides 2200 24000

1
’ N

with:3:1 and 1:1 stoichiometries are methanides,

production of large amounts of methane would be ex- 20001

|
~

}

; 3600
pected from hydrolysis of Ce3C and CeC. However,

hydrolytic studiesg38_4o of a series of Ce~C alloys

I

1800 | 3500

J

TEMPERATURE; °C
=~
-
|
|
4
TEMPERATURE,°F

i

produced little methane, large quantities of hydrogen, 1700

cating the absence of these compounds.  In'addition, To0r

1200

|
|
|
|
~and moderate amounts of acetylene and ethane indi- / Z
I
|

=]
~ 600 ‘ ‘ :
X-~ray, thermal and metallographic analyses have 0 5 10 15 20 eb

confirmed that no other compounds exist between Ce
836, 838-9

: WEIGHT :PERCENT ' C
and Ce2C3 (0and 60 a/o or 0 and 1l w/o C).

From a‘thorough examination of the X-ray, hydrolytic k Fig, 3a.. Ce-C Phase Diagram {in w/o).
and'visual properties of the Ge-C-N system, Anderson
et al. conclude that the suggested CeC form is probably

cen . . 8389
xoy

CRYSTAL DATA

Crystal Lattice Parameters &
Compound Class a c References

Ce2C3 cubic 8. 44615 - 803,.836, '838-9, 845-8

a-CeC, tetr. 3.878+7 6.484+8 803, 836, 839, 841-3,
845, 84851

ﬁ-»CeC2 cubic 5,939+2 - 843
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Fig. 3b. Ce-C Phase Diagram (in a/o).
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TEMPERATURE, °F
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The congruent melting point of the dicarbide,
the 69 a/o C (16 w/o C) eutectic, and the Ce,C,
peritectic horizontal are not well established.  Stecher
and associates reported that CeZG3 melts incongru-
ently above 1700°C, although their proposed diagram

shows the peritectic horizontal at approximately

836

1900°C, They also indicate that CeC, melts con-

gruently somewhere above 2000° CS36

et al, 84

and Faircloth
1 found the melting point to be 2250+20°C,
The diagram has been adjusted to reflect the latter.

Stecher and c:o-\xrorkerssg6 observed a eutectic

reaction, L # CeC,;+C, at approximately 2150°C;

Others report the same eutectic at 2245j—_20°0842

843

and 2270+20°C. An average of these temperatures

(2220°C) was selected for the diagrams, Several

842 -4

investigations also reveal an allomorphic

transition for CeC, around 1050°C, A liquidus temperature

of 2270°C was reported 841 for an alloy with the

CeC;y 34 stoichiometry (70 a/0 C or 17 w/o C).
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CERIUM — CHROMIUM

PHASE DIAGRAM

852

Kobzenko and co-workers -4 have published

several versions of tﬁe cerium=chromium system
based on thermal, X-ray, mefallographic and hard-
ness analyses using 99.98% pure Cr and 99.27% pure
Ce, The tentative diagrams of Figures 4a and 4b, re-
presenting their results, are in good agreement with
previously published work as reviewed by
Gschneidner, 803 However, the melting point and the
polymorphic transition temperature for pure Ce re-
ported by Kobzenko et al, are 20 to 30° lower than

the accepted values,  In the diagrams, these have
been corrected to 798°C and 725°C, respectively, and
the corresponding eutectic and eutectoid transforma -
tions. have 'been raised by similar amounts (ie,

from 765 to 785°C for the eutectic temperature and
from 685 £0 715°C for the §-Ce = v-Ce + Cr eutectoid
transition). The 98,15.a/0.Cr(95.17 w/o Cr) mono;
tectic composition and the maximum solubilities of

Ce in Cr at the monotectic temperature (1,25 a/o
Ceior 3,30 w/0 Ce)and at 1260°C (0.25.2/c Ce or

0. 67 w/o Ce) are taken from the latest paper, 852 which

is'presumably the most reliable version.
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Fig. 4b. Ce-Cr Phase Diagram (in a/o).

CRYSTAL DATA

No compounds are formed between cerium and

chromium,
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CERIUM — COBALT

PHASE DIAGRAM

{800 T T T
Ray etal. 855 a,nclBuscl'now856 examined the Ce-
Co system by means of thermal, metallographic and 1600 L 3: ~ omgr- o@ o=
. o O o8 -
X-ray analyses.  99.97% pure Ce and 99. 94% pure Co wx 28 gNimg :N 1488 2800
were used by the former authors while the latter 1400 (T \ \T ( T
employed 99.99% pure Ce and 99.9% pure Co., - The — 2400
1220°
diagrams of Figures 5a and 5b, representing the re- 1200 - {134° 12042
’ 11302 \4 a
sults of both researches, are also in good agreement 154 ”6?1 ~1050° ] 2000w
o 10362 T T T ui
: . ; 857 i 1000 u
with the earlier work of Ellinger et al, on the Ce- ) -1 5
= =
< <
rich portion (0 to 50 a/c, 0 to 30 w/o Co), -Inaddi- ] - 1600 e
: & 800 f7gs5.3-Ce <
tion to the five cobalt-rich peritectic compounds i 7250 w
identified by BUSChOW856 - CeCoZ, CeCo3, Ce2C07, 600 =} 1200
855 4469 600° | B-Co
CeCo, and Ce,Co, ., — Ray and co-workers detect- )
5 2C017 L - o
424 443° 1446°(H)
ed a sixth alloy, CeSCr)1 9 melting peritectically at 400 [425°(C) | 800
1134°C; the temperature at which CeZCo7 was for- l—Y-Ce a-Co—
merly858 thought to form, The 1130°C thermal ZOOCO 2l0 4‘0 50 8'0 60400
arrest previouslyg58 attributed to a polymorphic ¢ co
WEIGHT PERCENT Co
transformation of CeZCo7 is instead the formation
temperature of that compound, 855
Fig. 5a. Ce-Co Phase Diagram (in w/o0).
A single Ce-rich alloy, CeZ4C°11’ forms con-
gruently. The peritectic temperatures of Buschow856
CRYSTAL DATA
Crystal Lattice Parameters }
Compound Class a < References
Ce24Cou hex. 9.587+2 21.825+410 855, 860
CeCo, cubic 7.16143 - 803, 812-4,855,861-4
CeCo, rhomb. 4.968+262 - 24,784+7 2  855-6, 865-6
Ce, Co, hex, 4, 944151’ 24,47 +1 855-6, 858
Ce;zCo, g rhomb. 4.939+1% 48, 71+4% 855
CeCoy hex. 4,920+17 4,01947 803, 867-71
a-Ce,Coy 5 rhomb. 8. 364:1—_283‘ 12,189+3 6> 855, 372-5
p-Ce,Coy hex. 8.369+434 8.124+22 855, 870, 872-6
®Lattice parameters are for the hexagonal unit cell.
bThe value of the a parameter reported by Ray and Hoffer, 858 which .
deviated significantly (>10%) from the other data for this compound,

has not been included in the calculation of the mean,
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ATOMIC "PERCENT Co

Fig. 5b. " Ce-Co Phase Diagram (in a/o).

are 21 to 27°C higher than those of Ray et al, 855
1800 T T T ~
Average values were used to construct the graph,
= N~
= ~ N~
1600 L 8¢ SNSmSN 00_38@8(\] except for the CeZCo,7 and CeSCo19 temperature
o
" 388 mln{‘)’ &—12800 horizontals., In as much as Bus chow856 did not de-
© \\| o( ( 1488°
1400 |- I ‘ tect the ce50019 phase, we have employed the re-
I220: 2400 sults of Ray et al. 855 for these compositions,
1200 o 12045 ; .
5 ”3g§:03\°\‘1 ) N A polymorphic transformation of the CeZCo1 7
:J. 1036 | %000 :_; stoichiometry is indicated by X-ray diffraction pat-
a {000 ~1050° &
é 5 terns which reveal the présence of only the hexagonal
o _ o
£ 1600 g (8) form at 1100°C and only the rhombohedral ()
< L
795° i
= © - form at 1000°C. 855 Two eutectic reactions occur:
- 1200
600 4_6 L B-Co L = Ce,,Coy; + Ce at~24 a/o Co (~12 w/o Co) and
60
? 2 ~ ~
a3 ? 53%"("*) L = Ce,,Coy; + CeCo, at ~ 34 a/o Co (~18 w/o Co).
400 22_50(%90 Buschow859 reported that alloys of 83,3 a/o Co
=—¥Ce l-a-Co (67. 7 w/o Co) decompose eutectoidally to the two
! 1 i
2000 20 40 60 80 |oo400 adjacent compositions when cooled. below 600°C,
Ce Co

However, Ray and co-workers, 855 using differential

thermal analysis, metallographic, eleéctron microscopy

and electron microprobe techniques, found no

evidence of instability of the CeCoy phase.
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CERIUM — COLUMBIUM (NIOBIUM)

.ASE DIAGRAM

The tentative phase diagrams of Figures 6a and
6b are taken from the review by Gschneidner, 803 A
mohoeutectic occurs at approximately 99 a/o0 Cb
{98 w/o Cb). No intermediate phases are formed,
There is little or no solid solubility of Ce in Cb; the
803

solubility limits at the Ce-rich end are unknowan.

Cb reportedly raised the melting point of Ce by 5 to
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Fig., 6a. Ce-Cb Phase Diagram (in w/o).

REFERENCES

803. Gschneidner, K. A., Jr., Rare Earth Alloys,
Van Nostrand, Princeton, N.J,, {196l),

TEMPERATURE, °F

17

7°C and lowered the allotropic transformation tem-

perature of Ce by 20 to 25°C; 803

The Ce-rich end
shown in Figs, 6a and 6b is a schematic represen-
tation of the phase relationships and, thus, the
peritectic and eutectoid concentrations and solubilities
are probably greatly exaggerated.

CRYSTAL DATA

No solid compounds are formed,
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CERIUM — COPPER

PHASE DIAGRAM ‘

The phase diagrams of Figures 7a and 7b are

those of Rhinehammer and co—workerss77 as estab-

lished by analysis of thermal, metallographic, micro- 1400
[ [} I I
hardness and X-ray data. .Although generally in good
<0 O
agreement with previously published results as re- 1200 o4 333
[~ e
. 803 . . s ¢ J3d88
viewed by Gschneidner, the diagrams of Rhine- 3 3 \ ‘ ( 1083°4 2000
hammer et al, indicate the formation of an additional 1000 - I ;
938°
compound, CeCu5. Prior attempts to identify the 7962 876°
1600
compound(s) melting in the 80 to 85 a/o Cu (64 to 72 € s00 ?9508 c 8i7° ‘l/ — o
o | e -
- u
w/o Cu) range were inconclusive. An alloy with ’a:-' 708°725° 756° %
=2 . =
Ce Cu stoichiometry, but resembling the struc- = 1200 <
1,2°774.8 fr’: 600 ¥-Ce E:J
ture of CaZn5 had been assigned the CeCut4 formula. 803 E 5162 %
~ 877 = ap4° o
However, ~subsequent examination of single crystals E 400 - 800 ~
revealed the existence of both CeCu4 and CeCu5 melt-
ing inéongruently at a temperature:interval of only 2°C. 200 4 400
It is likely.that earlier measurements of alloys cooling
in this region contained significant amounts of CeCu5 0 | 1 1 1
0 20 40 60 80 100
and CeCu4 which led to erroneous results. Ce WEIGHT . PERCENT Cu Cu
A total of five compounds have been identified.
CeCu2 and CeCu6 form congruently; CeCu, CeCu4 and Fig. Ta. Ce-Cu Phase Diagram (in w/o).
CeCuy form peritectically, Three eutectic reactions
occur — Li2y-Ce + CeCuat28 a/o Cu (15 w/o Cu),
L = CeCu, + CeCu, at 74 a/o Cu (56 w/o Cu), and
CRYSTAL DATA
Crystal Lattice Parameters §
Compound Class a b (3 References
CeCu ortho.  7.370%  4,623% 5. 648% 879-81
CeCu, ortho, 4.,425+5 7.05745 7.47545 803, 882
CeCuy, ortho.  4.54+1% 8.1041%  9,19+41% = 877,883
CeCuy hex. 5.148+2 - 4,108 871, 877, 884
CeCu6 ortho. 8,108 5. 02 10.160 885
%Due to significant deviations in the reported parameters, only the set of .

values considered to be most accurate are reported here.
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L& CeCu6 + Cuat 91 a/o Cu (82 w/o Cu). Data of

GSChneidner803 and Rhinehammer et al,

877 indicate

a maximum solubility of Cu in Ce of approximately

1 a/o Cu (0.45 w/o Cu).  The maximum solubility of

Ce in Cu is <2 a/o Ce (<1 w/o Ce).

878
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CERIUM — IRON

PHASE DIAGRAM ' 5300 : : : : ‘
M
Buschow and van Wieringen886 have redetermin- S ‘% “4000 :
: ! L.
ed the phase relationships for the cerium-iron system 21001 (,? (‘;3
by analysis of thermal, metallographic, X-ray and 8008- e 3600
. . . 728°) -l‘ 3-C—3TCM 7i5°
magnetic properties using 99. 94% pure Fe. (The 1900l \y-CatL “200
N §92£2%
purity of the Ce stocks were not reported. However, 600 _Ar-Ca
: -3200
both melted at 800°C and one was said to contain 0.2% {700~ 400}~ I'y-Ce‘*CeFoz - 800
. . . . . jy-Ce# 3g7°
metallic impurities. ) Their results, which deviate o / B—CO//
[N
somewhat from earlier data as reviewed by °, 1500 200",’ // ) ce 40 1534° 42800 :J
: . wl — -
Gschneidner803 and the investigations of Gebhart and ;5_ é/// 5
< -Ce Fe,—10 @ <
co-workers; 887 4re shown in Figures-8a and 8b. x / fizGet Cofee 400+ ‘0—2400 ]
% ‘300_ 200/'”0" | i g
Only two compounds. — CeFe, and Cez}?e17 - ] o 0.2 04 @
both of which form peritectically, exist in this system. WT.% Fe
‘ HOO- 1068+ 3° ~12000
The iron-rich phase was confirmed as Ce,Fe, 5 and / J-Fe
not the previously reported CeFe5803 or Cie]?‘e7887m8 932 8° oliz
o 887 900 1600
stoichiometries. =~ Although Gebhart et al, noted
a small solid solubility range for both CeFez and X « - Fe—or
700 B
Cezl?e1 7 (CeFe7), Buschow and van Wieringen, 886 592+ 20 ~11200
after searching for solid solution regions, concluded i | |
. 500
that CeFe, and Ce,Fe,y,are line compounds, The 40 60 80 100
Ce Fe
transition temperature for CeZFe1 = has not been WEIGHT - PERCENT  Fe
established, but 89.5 a/o Fe (77.3 w/o Fe) alloys Fig. 8a. Ce-Fe Phase Diagram (in w/o).

CRYSTAL DATA

. Crystal Lattice Parameters &
Compound Class a < References
CeFe, cubic 7.30242 - 803, 812, 814, 861-2,
) 886, 890-1
a-Ce,Fe, hex. 8. 490 8.281 886
a a
[3-Ce2Fel 7 rhomb. 8.493+19 12,409+41 874, 876, 886, 888,

891-2

2lattice parameters are for the hexagonal unit cell.
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Fig, 8b. Ce-Fe Phase Diagram (in a/o).
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quenched from 1025°C yield only the g (rhombohedral)-

886 886

form. Buschow and van Wieringen

also observ-

ed that excess iron stabilizes the B-form regardless
of heat treating and quenching temperatures, A
single eutectic reaction — L T—’ CeFe2 + Ce — occurs
at 17 a/o Fe (7.5 w/o Fe).

Tucker et al. 889 have.deduced the character of
the Ce-rich portion-of the phase diagram from their

investigation of the Ce-Fe-Pu system. (See insertions

in Figs, 8a and 8b,) ~The temperature horizontals are

reasonably well established and the stabilization of
B-Ce by ~0,2 a/o Fe (0.08 w/o Fe) at room temper-
ature is confirmed. The solid solubility lirnits are
not, however, adequately substantiated in this study,
The addition of Ce appears to raise the a 2y

transition temperature of Fe from 910tc 922 +

3°C, 803, 886 In contrast, however, the results of
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Gebhart et al, indicate that it is lowered to 900°C,
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CERIUM — LEAD

PHASE DIAGRAM

Some phase equilibria data were determined prioxr
to the 1950's, "but the results are probably not too re-
liable and are not included here, . The earlier diagram
is given in Gschneidner's 1961 review, 803 Reliable
X-ray data have confirmed the existence of Ce3Pb,
CeBPb3,

vestigations of McMasters et al,

Ce5Pb4_ and CePbS. On the basis of the in-
893-4 of the Light
lanthanide-lead systems, the Ce phases, Ce3Pb4 and
Cesz, probably also exist, but no phase ofthe
Ce4Pb3 stoichiometry is formed, Furthermore,
Ce5Pb3 is probably the highest melting phase in the
system with an estimated melting point of 1450°C.
CePb, has an estimated incongruent melting point of
1100°.C; ‘and CePb3 is expected to melt congruently
at:1150°C, . (All estimates are thought to be within

+25°C.)

CRYSTAL DATA
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CERIUM — MAGNESIUM

ASE. DIAGRAM
or discussion and diagrams see pages 24 and Z5).
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CERIUM — MAGNESIUM (contd.)

PHASE DIAGRAM and Srni.th901 =4 have determined by means of single ‘
Figures 9a and 9b are based ona composite of crystal methods that the alloy tentatively assigned
available information for kthe Ce-Mg systermi. The a CeMg& 25 stoichiometry by Wood and Cramergoo
region from 0 to 82 a/o Mg (0 to 44 w/o Mg) is has the formula, Ce Mg, (CeMgg 20
essentially as reviewed by Gschneidner, 803 Wood Johnson and Smith903 have also examined, by
and Cramergoo examined the Ce-Mg system between 82 single crystal techniques, the phase previously des-
and 100 a/o Mg (44 and 100 w/o Mg} by means of ignated Ce, Mg, . 900, 904-7 Their results indicate
thermal, metallographic and X-ray analyses using the existence of a compound with the ThZ Nil7— type
99. 99% pure Mg and 99. 5% pure Ce. The cerium structure (hexagonal), but with a CeMglO. 3 compo-
contained primarily 0.4% Fe as impurity. The region sition. The powder pattern reported for Ce, Mg,y by
from 82 to 100 a/o Mg (44 to 100w /o Mg) represents Crosby and Holman’*% was confirmed to be that of
primarily their results with modifications as suggest- Ce Mg, 901 Johnson and Srnith903 also observed
ed by subsequent research. that the powder pattern for a CeZMg23 alloy identified
Ten compounds have been reported in the liter- by Crosby and Holman904 agrees well with crystal
ature, but only five appear to be unequivocally identi- data for the Cel\/[g1 0.3 stoichiometry. = The compound(s)
fied. : Only CeMg, forms congruently. CeMg,‘ CeMg,, occurring in this region (89,5 t0'92'a/o Mg or 59,7
Ce Mg, and CeMg, , form incongruently. Johnson to 67 w/o Mg) exist only over a 10°C range. 900 1
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o e IS8
900} > %3 == 11600
O oo @ 99y
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Fig. 9a. Ce-Mg Phase
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‘ 803, 908

addition, the powder pattern of the alleged CeMg9 w/o Mg) in Ce at 505°C has been determined, 909 The

stoichiometry is in good agreement with the calculated maximum solubility of Ce in Mg is 0,166 a/o Ce
pattern for CeMg,,. 901 (0.98 w/o Ce) at 590°C, 910 which is ‘slightly higher

Two eutéctic reactions occur '~ L 2 CeMg + §-Ce than the value one obtains from Rohklin's data (0.13
at 35 a/o Mg (8.5 w/o Mg) and L ® CeMg;, + Mg at a/o Ce, 0. 74 w/o Ce). 9l

95,8 a/o Mg (80, 6w /0 Mg).

A maximum solid solubility of 8.2'a/o Mg (1.5 REFERENCES: (See page 23.)

CRYSTAL DATA

Crystal Lattice Parameters }
Compound Class a [ References
CeMg cubic 3.900+1 - 803, 912
CeMgZ cubic 8,733 - 803
CeMg3 cubic 7. 412 — 803
CeSMg4l tetr. 14, 66+12 10.36+8 900-2
CeMglO 3 hex, 10:.33 10,25 903
CeMng tetr. 10.34+1 5.96 900, 913-4
NI
S O o
= o
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]
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CERIUM — MANGANESE

PHASE DIAGRAM

B, J. Thz:umer91 5

examined the Ce-Mn system
from 0 to 20°a/6 Mn (0 to 9-w/o Mn) by means of
thermal and metallographic analyses using 99.96%
pure Mn and 99. 7% pure Ce. The cerium contained
0.1% other rare earth metals as major impurities,

In Figures 10a and 10b, his results are combined with
previously published data as reviewed by ’

Gschueidner, 803

Many of the questions raised pre-~

viously by Gschneidner have not been resolved, espe-

cially at Mn ‘concentrations »20a/o Mn (> 9 w/o. Mn).
The 622° C eutectic temperature — 1, 2 y-Ce ¥

Mn {(a ?) at 16.k1 a/0 Mn (7.0 w/o Mn) - observed

by Thamer is almost midway between the 612°C re-

ported by Iand611191 6

917

and the 635°C of Mirgalovskava
and Strel'nikova. A B-Mn 2 a-Mn + vy -Ce eutectoid

reaction may account for the 625°C temperature

1400 T T T I
42400
1200}
L o

o | 2000 °
0'. ll wl
1&_; 1000+ %
5 =
E =
é 7950 1600 L
W 800F, 5-Ce s
= jhrese e

600 638° 622°

y-Ce a-Mn
N
' 1 1 ] 1 800
4000 20 40 60 80 100
Ce Mn
WEIGHT PERCENT WMn

Fig, 10a. Ce-Mn Phase Diagram (in w/o).
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horizontal; but the interpretations of the 996 and

immiscible liquids between 68 and 82 a/o Mn (45 and
916

1087°C horizontals remain unresolved. The 996°C

horizontal was thought to be due to the formation of

64 w/o Mn) by landelli.
917

However, Mirgalovskaya
and Strel'nikova interpreted this horizontal to be
due to the inverted peritectic reaction —

v-Mn 2L+3-Mn — with an unusually flat liquidus
curve between 68 and 82 a/o Mn (45 and 64 w/o Mn),
Details are also lacking with regard to the influence
of Ce on the allotropic transformations. of Mn, The
maximum solid solubilities.of Mn in y-Ce and 6-Ce
are, respectively, 2 +1.a/o Mn (0,8+0.5 w/o Mn)

and 541 a/o Mn (2 + 0.5 w/o Mn) at 638°C., ?1°

CRYSTAL DATA

No solid compounds exist in this system, 803,918-9
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Fig. 10b. Ce-Mn Phase Diagram (in a/o0).

917. Mirgalovskaya, M. S., L. A, Strel'nikova,
Trudy Inst., Met, A, A. Baikova 1957, 135-8
(1957).

918, Wang, F. E., J. V. Gilfrich, Acta Cryst, 21,

476-81 {1966). ‘

919, Wang, F. E., J. R. Holden, Trans, Met.

Soc. AIME 233, 731-6 (1965).




CERIUM — MOLYBDENUM

‘ASE DIAGRAM

Only a limited ‘amount of phase equilibria data is from their data, . Their results would suggest, however,

available on the Ce-Mo system,  The solid solubility that the solubility of Mo in liquid Ce is small,

of Ce in Mo was reported to be € 0,07 a/o Ce (<0.1
). 920 d921-2 4

w/o Ce Gaume-Mahn and Blanchar nd CRYSTAL DATA

Madej923 have studied the béehavicr of Mo in contact : No:solid compounds are known in the Ce-Mo

with liquid Ce, but:liquid solubility cannot be derived system,:
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CERIUM — NICKEL

PHASE DIAGRAM

The cerium-~nickel phase diagrams of Figures lla
and 11b.are based on the research of Gebhartetal, g9l
Their results largely confirm previously published data
as reviewed by Gschneidner, 803 The 477, 495 and
655°C temperature horizontals and the melting points 12400
o
of CeNi and CeNi; are from 7 to 45°C higher than o 1200} 1210° hu;
D
those reported earlier. : Also, ‘the compound formerly ul = =
803 ’ 924-5 : & T(095° 2000 3
designated Ce,Ni does not exist, " but an addi- E 1000 - ul
- < 930° =
tional Ce-rich alloy, Ce7Ni3 {(30.0 a/0 or 15 w/o Ni) &z.i =
25:8 S 8300 41600
has been identified. 2228 The latter is close to the E 800
Ce;Ni, composition (28. 6 a/o Nior14.4w/o Ni).re- e680° :
‘ ; 1200
ported by Gebhart et al. 881 600 655°
Of the six intermediate phases inthis system,
495° 800
three form congruently — Ce-Ni,, CeNiand CeNip — 400 : | | h
6 5 2 40 60 80 100
o f
WEIGHT PERCENT Ni M
Fig. 1la: Ce-Ni Phase Diagram {in w/o0).
CRYSTAL DATA
Crystal Lattice Parameters &
Compound Class a b < References
Ce7Ni3 hex, 9.916+11 - 6.316+5 926-8
CeNi ortho. 3.782+7 10.456+100 4,339+53 864, 927, 930-3
CeNi, cubic  7.211+13 - - 803, 812, 814,
861-2, 890
CeNi3 hex. 4, 945+5 - 16,4841 934
Ce, Ni, hex., 4.93% - 24,28410 803, 934-5
CeNig hex, 4,887 - 4,003 871
8value taken from Ref. 935, which is consistent with earlier data .

~summarized by Ref. 803, Ref. 934 erronecously gave a = 4. 0954,
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Fig, 11b. Ce-Ni Phase Diagram (in a/o).
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CeNi3 and

Isothermal breaks at 1080, 1095 and 1120°C

and three form peritectically — CeNi,,

Ce, Nin.
may indicate additional compounds between 78 and 83

887

a/o Ni (60 and 67 w/o Ni). Four eutectic reactions

occur — L 2 Ce + Ce,Ni, at 22 a/o Ni (11 w/o Ni),

3

L = Ce,Ni, + CeNi at 33 a/0 Ni (17 w/o Nij, L =CeNi

T3
+ CeNi, at 55 a/o Ni (34 w/o Nij, and L 2 CeNig + Ni
at 91 a/o Ni (81 w/o Nij.

The wide variation in the b and ¢ lattice parameters
of CeNi suggests a range of solid solubility. Metal-
lographic exarination of Ni-rich alloys quenched from
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CERIUM — NIOBIUM

See Cerium - Columbium, p. 17,

CERIUM — NITROGEN

PHASE DIAGRAM
936

Kobzenko and Ivanchenko examined the cerium-
nitrogen system between 0 and 50 a/o N (0 and 9.1 w/o
N) by means of thermal, X-ray, metallographic and
dilatometric analyses. Figures 12a and 12b contain
tentative, partial phase diagrams based on their results.
The reported melting point and transition temperatures
(760 and 680° C, respectively) of the cerium stock are
significantly lower than those of the high purity metal indi-
cating that the cerium contained much more than 0. 7%
impurities as stated by the authors. In Figs. 12a and 12b
these temperatures have been adjusted to reflect the most
accurate data currently available. As a result the 770°C
peritectic and 705°C peritectoid temperatures reported

by Kobzenko and Ivanchenko have been increased to

805 and 750°C, respectively.

CRYSTAL DATA
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Fig. 12a, Ce-N Phase Diagram (in w/o).

Crystal Lattice Parameters }
Compound Class a References
CeN cubic 5.023+3 803, 837, 939-44

TEMPERATURE, °F
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CeN, the only intermediate phase detected at normal

pressures, forms congruently.. The melting point of

937

CeN was reported by O'Dell and Hensley as a function

of NZ pressure, and reported to be 2575120°C at 5+1

atm, pressure, Using their equation we calculate the

melting point to be 2480°C, This value was used rather

than the 2600°C given by Kobzenko and Ivanchenko, 936

CeN appears to be substoichiometric with a solid

solubility range as indicated by the phase diagram
936

of Kobzenko and Ivanchenko.

938

Kieffer and co-workers report the formation of
CeNj at pressures between 30 and 300 atm. Very little
additional information is known about this high pressure
phase,

The solubilities of N in y-and §-Ce are approximate,

(See insertions in Figures 12a and 12b).
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CERIUM - OXYGEN

PHASE DIAGRAM
A great deal of information is known about the
cerium-oxygen system in the range Ce203 to CeO2

803, 945

(60 to 66 a/o O; 15 to 18 w/o O), but essentially

nothing is known at lower oxygen concentrations, This
is unfortunate, since the emphasis of this report is on
metallurgical systems and, thus, the main interest in
the cerium-oxygen phase relationships would be between
pure cerium and the first cerium-rich compound, prob-
ably CeZO3.

The best we ‘can do at the present time is speculate
about the cerium-oxygen phase diagram between 0 and
The CeZO3

Two widely variant values for the

60 a/0 O (D and 15 w/o O).
803, 945

phase is known

to exist,

melting point of CeZO3 have been reported, 1690"0803

951

and 2140°C, In view of the melting points of the other

rare earth sesquioxides, the higher value would appear
to.be more reasonable. . From examinations of the
(36203 phase by means of mass effusion and mass

946

spectrometric analyses, Ackermann and Rauh have

reported the existence of substoichiometric Ce203 x

CRYSTAL DATA

compositions with x varying from 0.32 at ~1710°C to’

near zero at'~1240°C. This represents a composition
range from 57.2 to 60 a/o O (13.2 to 15 w/o O),

respectively. A slightly superstoichiometric phase also

was observed between ~1730°C and 2030°C, 946
CeO has been reported to exist in the vapor

state 946, 949-50

but it is very doubtful that the
monoxide phase exists in the solid state, except possi-
bly when stabilized by a large amount of a second non-
metallic element. Vapor pressure measurements of
Ce-CeZO3 mixtures further confirm the non-exidtence

of solid CeQ between 1277 and 1777°C, 946

From an analogy to the Y-O system,947'8 a

n
extensive terminal solid solubility range — up to 25

a/0 0 (3.7 w/o O) or more — in 8-Ce might be expect-
ed near the melting point with solubility in y-Ce probably
decreasing to 1a/0-0 (0.1 w/o O) or less at room
temperature. Futhermore, oxygen would be expected

to raise the melting point of cerium, but lower the

transformation point,

Crystal Lattice Parameters A
Compound Class a c References
CeZO3 hex, 3.7888+1 6.062+8 803, 952
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CERIUM — PHOSPHORUS

ASE DIAGRAM
Phase equilibria data for the Ce-P system have
not been determined, - At least three phases;. in addi-

tion to the well-characterized monophosphide; have

953-4 954

been noted in the literature. Schrnid and Hahn
give the stoichiometries as CePL 7.2 40 CeP3° 5.6, 5
and CeP6 5.9.0° Olcese818 reported a phase with

CeP, stoichiometry, which is probably the same as

CRYSTAL DATA

954 953

Schmid and Hahn's CePL 7.2.4 phase,  Ono

found a cerium phosphide at the CeP,. composition,

5
and it is quite likely that this phase corresponds to

Schmid and Hahn' 39 54

CeP3. 5.6, 5 alloy.! We cannot
rule out the possibility, however, that Olcese's CeP,
and Ono's CePy phases are distinctly different from

those found by Schmid and Hahn;

Lattice Parameters &

Crystal
Compound Class a References
CeP cubic 5.923428 803, 818, 822, 827, 955

REFERENCES
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State Commun.. 13, 1365-8 (1973).
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K. E., I. G, Vasilteva, T, G. Pritchina, Rev.
Chimi, Minerale 10, 383-98 (1973), ]

954, Schmid, R., H. Hahn, Z, Anorg. Allg. Chem.
372, 106-12 (1970).

955,  Torbov, V. 1., V. L Chauklin, E, I, Yarembash,
pp. '136-42 in Electronic Structure and Physical
Properties of the Solid State, Part II; G. V.
Samsonov, M, P. Arbuzov, V. S. Neshpor, L

A. Podchernyalva, V. S. Formenko, eds.,
Naukova Durnka, Kiev (1972).




CERIUM — SELENIUM

PHASE DIAGRAM

Insufficient phase equilibria data are available

solid solution region, although the data of Yarembash

to construct a constitutional diagram. Guittard and

Flahaut, 956

diagrams, report that the phases CeSe, CeZSe3-Cek3Se4
solid solution, Ce4Se7 and CeSe, exist. CeSe, appar-
ently has three polymorphic meodifications (see Table

below) and possibly may form a selenium deficient

CRYSTAL DATA

reviewing the rare earth-selenium phase

and Eliseev

750° C. 959

957 suggest a distinct phase CeSe

2-x

(x <0.2). Yarembash958 reported that both CeZSe3
and Ce38e4 melt congruently at 1750 and 1800°C,
respectively, while CeSe2 melts incongruently at
The melting modes of the remaining two

compounds — CeSe and Ce,Se, — are unknown,

Crystal Lattice Parameters 4
Compound Class a b < References
CeSe cubic 5.988+4 - - 803,.822, 956,
960-1
Ce3Se4a cubic 8.973 - - 803, 962
Ce,Se,* cubic 8.970+410 - - 958-9, 961, 963-6
Ce,Se., mono.® 8,375 . 8.375 8.487 967
CeSe2 tetr, 4,22 - 8.51 957
-X
(x<0.2)
CeSe, mono.” "8.420+5  4,21045 ~ .8,48245 = 968
CeSe, tetr. 8.43049 - 8.486+4 825, 959, 969;
969 -rept. compd.
to have mono.
structure. in later
publ, :(968).
CeSeZ hex, 8.45 - 8.51 803

®This compound is the terminal composition of a solid solution region between

57.2 and 60.0 a/o Se (43,0 and 45, 8 w/o Se).

bThe oblique angle, B, is approximately equal to 90°,

€The ''oblique' angle, B, is equal to 90°,
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CERIUM — SILICON

PHASE DIAGRAM
Benesovsky et al. 210 examined the CexS8i system
N i8I
S A8
by means of thermal, X-ray and metallegraphic ({)OGS S
88 388
analyses using 99.5% pure Ce and 99.7% pure 5i. No TR F
o
analysis of the impurities contained in either stock 1600 - 162051~
14402 . -2800
was reported, Although based primarily on'their 13202 1470 u.
1400° 1420¢ °
results, Figures 13a and 13b also incorporate data of S 1400 E409° 1290° ]
- v
other researchers, Ten different compositions for H:-' // \-l360° 2400 E
. . . X 2 o007/ IN | 1200° ®
intermediate phases have been reported in the litera- = / \ 2 N W
ture, but Benesovky et al. 970 ndicated only six o // 1270 : ~ 2000 b
=
of these on their phase diagram — congruently form- i—L-L-l 1000t~ ;! ;
1
ed Ce,Si, Ce,Si,, Ce ; ,Si (CeSig), CeSi, and I 7950 ] 1600
Cedi, plus.a single incongruently forming compound; 800 / 3-Ce {
_“Jw725° I
CeSi_;. In a'later paper, Benesovsky and co-work - )ky—Ce !
9;12 | 6507 1] 1 i Ll 1 1290
ers reportthat CeZSi (33.3.2/9, 9.1 w/0 Si} actu- GOOO 10 20 30\40 60 éO 100
Ce i
ally has the Ce Si, composition (37,5 a/o, 10.7w/o S WEIGHT - PERCENT - Si s
Si} with the Cr5B3 type structure,  Also, Ce~l 2 Si
(45.5 a/0, 14.3 w/o Si) is reporf:edc’)71 to have instead Fig, 13 a. Ce-Si‘Phase Diagram (in w/o).
CRYSTAL DATA
Crystal Lattice Parameters }
Compound Class a b < References
CegSi,” tetr. 7.886+5 - 13, 7546 971, 974-7
Ce3SiZ tetr, 7.802+18 - 4.3234+26 970-1, 974, 978
CeSiy tetr, 7.93 - 15,04 976
CeSi ortho. 8.287+47 '3,957+15 . 5,984+33 803, 970-1, 974
979-80
Ce_,)Si5 ortho. 4,18045 © 4,10045 . 13,82+1 974
CeSi, tetr, 4,177427 - 13,876+28 - 803,899, 971,
974, 98l-2
2Some older and preliminary information as summarized by Gschneidner803
indicated another structure for this compound, but in view of the more recent

data it is doubtful that the earlier reported hexagonal structure is correct.
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Fig. 13b, Ce-Si Phase Diagram (in a/o).
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the Ce5Si4 (44.4 a/o, 13,8 w/o Si) stoichiometry with

the ZrSSi4 type structure, Structure type and compo-

972

sition suggest that CeSi<Z, and also the CeSil’ 7.2.0

and C‘eSi2
-X

are probably equivalent to CeBSiu'

that

973 stoichiometries veported by others,

)74 It is quite likely

CeSi~1 3(~Ce3514)972 is also the same phase as

Ce3Si5.

Six eutectic reactions occur —
L= Ce + CesSi; at 8 a/0'Si (1. 7w/o Si)
L= CeSSi3 + Ce3Siz at' 38.5a/0 8i (11.1 w/o Si)

L2 Ce + CeySi, at 42 a/o Si (13 w/o Si)

35
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CERIUM — SILVER

PHASE DIAGRAM

Five different compound stoichiometries have
803, 983-6 803,987

been:identified:  CeAg,
803,988

CeAgZ,
989-90

989

CeAg3, CeAg3 6 and CeAg5. An

X -ray and metallographic study by McMasters and co- N 96|

st Y\ P
989 8670 N\ 71800

workers clearly showed that the CeAg, stoichiom-

etry is actually CeAg3 6 The phase relationships

J

as reviewed by Gschneidnero?? are based on a study 1200

600 | 7

TEMPERATURE,°C
=
TEMPERATURE, °F

made before 1943, ‘and assuming these are reasonably

Ag (64 and 81 w/o Ag), the results are presented in

I

I
correct.-except for the region between 70 and 85 a/o 400 f - 800

!

|

I

Figures 14a and 14b. " Between 70 and 85'a/0 Ag we 200 L I 1 | 400
0 20 40 60 80 100
have changed the CeAg3 composition to CeAg3 6 but Ce Ag

assumed the melting point to be reasonably correct, WEIGHT PERCENT Ag

Fig. 14a, Ce-Ag Phase Diagram (in w/o).

CRYSTAL DATA

Crystal Lattice Parameters A
Compound Class a b < References
CeAg cubic 3,75418 - - 803, 983-6
CeAg, ortho. 4,800 7. 090 8,205 987
CeAg3 6 hex. 12,831+52 - 9.438+18 - 988-9
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Fig., 14b. Ce-Ag Phase Diagram (in a/o).
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The mode of formation of CeAg5 is unknown and thus
the exact phase relationships between 79 and 85 a/o
Ag (74 and 81 w/o Ag) need to be determined. The
high temperature form of CeAg, is reported to be re-
lated to the Laves phase type compound, 989
A maximum solid solubility of Ce in Ag of 0. 04
to 0,06 a/0 Ce (0,05 to 0. 08 w/o Ce) was extrapolated
from lattice parameter values of the two-phase alloys

990

by Gschneidner et al. They also confirmed the

801°C Ag-rich eutectic temperature. Threé eutectic
reactions occur — L'2 Ce + CeAg at 21 a/o Ag (17T w/o
Ag), L= CeAg + CeAg, at 56 a/o Ag (49 w/o Ag), and

L = CeAgy(?) + Ag at 90 a/o Ag (?) (87 w/o Ag).
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CERIUM — SULFUR

PHASE DIAGRAM

The partial phase diagrams of Figures 15a and
15b are based primarily on the available equilibria
data as reviewed by Gschneidner, 803 Five inter-
mediate phases exist — congruently forming CeS, u
Ce, S, and Ce,S.; the peritectoidally forming com d = )
374 2737 e P ¥ g icomponn o 1890° {Ce384-CeZS3 13
CegS.;and CeS,, for which the mode of formatiorn ui 1800 _—%o SOLID- SOLN. =
[+ o
. : 5 Y N
has not been determined. Three polymorphic forms > > e d2800 %
of Ce,S, have been reported in the literature, 803, 969, & 1400} / _3... P
Q.
!
9915 1o according to Besancon et al,, 996 the Ce S, uzJ i 21 100°
i / =2 et -2000
stoichiometry more accurately represents the phase pre- 1000 -
viously identified969 as the B-form of CeZSS' Klinvex ¢
997 | i 1 ] - 1200
and Berger report.that CeS, Ce3S4, CeSS7 and 6005 s 25 35 48 55
(Z‘eZS3 all'exist from 600 to 1300°C and that \(—CeZS3 WEIGHT . PERCENT. -3
exists above 1100°C, Between 1800 and 1300°C, the
Fig. 15a. Ce-S Phase Diagram (in w/o),
phase relationships for alloys of 55tc 70 a/o S {22
CRYSTAL DATA
Crystal Lattice Parameters 4
Compound Class a b < References
CeS cubic 5, 769+4 - - 803, 822, 960,
994, 998
Ce,S,” cubic 8. 628+3 - - 803, 994, 997
Ce S, tetr. 15,19 - 20.19 991, 996
a-Ce, 8, ortho. 7.513 4,091 15,715 803, 969, 991-3
v-Ce,8,” cubic 8. 630+1 - - 803, 969, 994-5
CeS, cubic 8.115+5 - - 803, 969

®These two phases form a complete series

ature,
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of solid solutions at high temper-




‘800 T T T q to 35 w/o S) are not well established and need to be

xed -
Sho 5200 verified,
172] MION O
@ D D © @
2600+ T Oﬁ ]O T Earlier data indicated phase transformations at
, \2450° —4400 1150 and 1450°C for the Ce,S, stoichiometry, 803 put
- w
2200} °. the results of Klinvex and Berger997 suggest that the
& 2050° b
ui 2000° \l890° 43600 a 1150°C temperature horizontal might be due to the
o
<
E 1800 CezSg - CepS3 , \,7000 E:.i a @y transformation of CeZS3. The 1450°C temper-
é SOLID SOLN. o
w Y = ature could be associated with the formation of CeSST
o / 17 -12800 i : ;
5 1400 // 1450 T" Klinvex and Berger997 also give liguidus points for
b .
/ Ce-rich alloys as: 1300°C and 252/0 S (7.2 w/0 S)
/ 7100° 12000
i000- / and 1115°C and 27 a/0 S (8.0 w/o 8).° Although the
@ liquidus compositions seem to be inverted for the two
- 1200 S s
60020 3‘0 450 50 60 20 temperatures, the steep rise in the liquidus curve
ATOMIC PERCENT S could lead to such experimental inaccuracies, A
Fig, 15b. Ce-S Phase Diagram (in a/o). eutectic reaction — L = CeS + Ce384 — occurs at
53.4a/0 S (20,8 w/o S).
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CERIUM — TELLURIUM

PHASE DIAGRAM

Chukalin‘et al. 299,000 studied the Ce=Te system
by means of X-ray, metallographic and thermal anal- JIn|e
= Fg_ @
yses using 99.5% pure Ce and 99. 99% pure Te., How- 1800 18208 23| &
/OO O 43200
ever, the reported Te-rich eutectic temperature ,/ ERER
: i : / 1645°
(455° C) is appreciably higher than the accepted melt- 1600} / A
/15859 2800
ing point of Te (449, 6°C), indicating that the purity of // ]
W
the Te stock was probably much lower than stated, 1400} // \\ o
. . ; . - / -1AI340° &
This would especially affect the Te-rich portion of W / \ -42400 35
> / 747 1250° s
the diagram. From an examination of this system be- H 1200 / \ o
o / \ w
tween 65 and 100 a/0 Te (63 and 100 w/o Te) by means W / \ 2000 %
= / \ 7 W
of X-ray and thermal analyses, Pardo and co-work- E 1000 // \\
\
erslo01 -3 suggest that the Te-rich eutectic occurs / 870°\
/—795° \ 829e ] 1600
instead at 435°C and 99 a/o0 Te (99 w/o Te). Itis 800_\1_/___*_”—7—@_0:__”_ N,
thought that the results of Pardo et al. for the Te-rich = = 0 0 N T T 7558 7] 3
s-ce 2% \ 200
end are more accurate, and their data are used in 800 H4607°  \
\
Figures 16a and 16b between 70 and 100 a/o Te (68 y-Ce 4555,
: — 4250
and 100 w/o Te). . The remaining portion of the dia- 400 1 1 L i = 800
o) 20 40 60 80 I_IQO
. . - - e
gram is based on the results of Chukalin and co-work WEIGHT PERCENT Te
ers. 999, 1000
Fig. l6a. Ce-Te Phase Diagram (inw/o).
CRYSTAL DATA
Crystal Lattice Parameters §
Compound Class a b < References
CeTe cubic 6.350+9 - - 803, 822, 961
1000
Ce3Te4a' cubic 9.549+17 - - 803, 1000, 1004
Ce, Te,? cubic 9. 53646 - - 1000, 1004-7
Ce,Te, tetr, 8.988 . - 9.167 1000
CeTe) 9.2, tetr. 4.47-4.54 - 9.10-9.12 803, 1008-9
Ce, Te, ortho, 4.444110 4.444+10. 44.35 1000-2
CeTe, ortho, 4.398+5 ° 4.398+5 25,9943 1000-1, 1003
% These two compounds represent the terminal members of a solid solution
region which occurs between 57,1 and 60,0 a/o Te (54.8 and 57. 7w/o Te).
bCo:rnpound exists over a solid solution range.. Lattice parameters vary .

over range listed,
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Fig. 16b, Ce-Te Phase Diagram (in a/o).
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Seven intermediate phases have been identified,
two of which form congruently — CeTe and Ce3 Tey.
The five incongruently melting compounds are CeZTe3,

Ce4Te7, CeTez, CeZTe5 and CeTe3. Chukalin et

1000

al report that solid solutions exist from Ce3’1’e4

to Ce, Te, (57.1 to 60.0 a/o Te; 54.8 to 57. T w/o Te)
and from CeTel‘ 94 to CeTe, (66.0 to 66,67 a/o Te;

63.9 to 64,56 w/o Te). According to Pardo and

1001

Flahaut, Ce, Te; exists only from 607 + 19°C to

870°C,  Three eutectic reactions occur — L 2 Ce +

CeTe at 3 a/o Te (3 w/o Te), 1000 L2 CeTe + Ce, Te

3774
loOoandL?—’C‘eTe + Te at

at 55 a/o Te (53 w/o Te), 3
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CERIUM —TIN

PHASE DIAGRAM

Sorne phase equilibrié, data were determined

and thus are not included here.

is given in Gschneidner's 1961 review, 803

prior to the 1950's, but the results are not reliable

The earlier diagram

X-ray data

have confirmed the existence of Ce3Sn, Ce58n3,

Ce5Sn4

and CeSn3 {see below). ‘An X-ray and metal-

lographic study of the tin-rich end has also revealed the

existence of Ce,Sn, (70.0 a/o, 66,4 w/o Sn) and

CeZSn5 (71.4 a/o, 67.9 w/o Snj, but the structures

CRYSTAL DATA

of these:phases were not determined.

Y-Sn

On the basis of studies of the Sm-Sn
1012

1010

1ot and

systems and the similarities expected for the

R-Sn and R-Pb systems, the Ce Sn, phase is prob-

ably the highest melting intermetallic compound in

the Ce-Sn system, with a melting point estimated to

be in excess of 1400°C, The CeSn3 compound is ex~

pected to melt congruently with a melting point near

1150°C,

Crystal Lattice Parameters k

Compound Class a b < References

CeSSn cubic 4,929 - - 895

Ce 5n, hex, 9.328+5 - 6. 78845 1013; 1014
reptd. unable
to prepare

CegSny ortho, 8.337 16,05 8. 480 1015

CeSn3 cubic 4, 72043 - - 803, 898-9,
1016
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CERIUM - TITANIUM

.E DIAGRAM

Figures 17a and 17b combine the results of

Savitskii and Burkha.nov1 017

¢ arlier by Gschneidner, 803

with data reviewed

The solid solubility limits of

Ce in Ti, as glven by Savitskii and Burkhanov, appear to be

high‘ Thus, compositions around the o7p Ti transition are

based on the earlier results, 803

The azﬁ Ti transformation

temperature for alloys saturated with Ce is a mean value as

is the monotectic temperature.

Byrkhanov's diagram, 1017

According to Savitskii and

Ti lowers the melting point
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Fig. 17a, Ce-Ti Phase Diagram (in w/o).
REFERENCES
803. Gschneidner, K. A., Jr., Rare Earth Alloys,

Van Nostrand, Princeton,

N.J. (1961),

and the 8y Ce transformation temperature,

solubility limits for the Ce-rich end are unknown and

The solid

probably greatly exaggerated in the diagram, A eutectic

and monotectic reaction occur = L1

-Ti 4+ L, respectively.
1 1% v

CRYSTAL DATA

No solid compounds exist in the Ce-Ti system,
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Fig. 17b. Ce-Ti Phase Diagram (in a/o).

1017, Savitskii, E. M., G. S, Burkhanov, J. Less-
Comimon Metals 4, 301-14 (1962).

“a-Ti+ 6-Ce and L,=

2

TEMPERATURE, °F



CERIUM — TUNGSTEN

PHASE DIAGRAM

Insufficient phase equilibria data are available where N is the concentration in atomic fraction of
on the Ce-W system. Two peritectically forming Wand T is in °K,

compounds, one of which is probably CeW, . — have

been reported, 1018 A eutectic was observed near

pure cerium. 018 The solubility of tungsten in liquid

Ce was determined by Dennison and co—vvorkers1 019

to increase from 0.0242 a/o W (0.0317 w/o W) at REFERENCES

1537°C to0 0.1238 a/o W (0.1624 w/o W) at 2077°C, 1018, Obrowski, W., Naturwissenschaften 47, 201-2

obeying the usual log "concentration vs. 1/T eguation: (1960).
1019, Dennison, D, H., M. J. Tschetter, K. A.
Gschneidner, Jr., J. Less-Common Metals

_ 5,418
log N =-=5— - 0.588 11, 423-35 (1966).
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CERIUM — VANADIUM

.SE DIAGRAM

Figures 18a and 18b-are based primarily on an

examination of the vanadium-rich alloys in the Ce-V

1020

system by Savitskii et al. using 99. 77% pure V

and 98, 8% pure Ce., The authors report a monotectic

at 99,89 to 99.93a/o V (99. 7 to 99.8 w/o V) and
1885 + 15°C, approximately the same temperature

as the melting point of vanadium. The immiscible

803, 1021

liquids formed by the two metals exhibit a

critical point, which was calculated to be 2480°C and

1022

75 a/6 V (52 w/o V). Komjathy and co-workers

1021

observed little or no solubility of Ce in V and Savitskii

1020

et al, reported only 0,036 a/o Ce (0.1 w/o Ce) in

V-at all temperatures with no observable changes in

the lattice parameters of V containing Ce additions.

1022

However, Efimov found that 0.1l a/o Ce (0.30
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Fig. 18a. Ce-V Phase Diagram (in w/o).
REFERENCES
803, Gschneidner, K. A., Jr., Rare Earth Alloys,

Van Nostrand, Princeton, N, J. (1961).

1020, Savitskii, E, M., V. V, Baron, Yu. V, Efimov,

Zh. Neorgan, Khim. 7, 701-3 (1962). Eng.
‘Transl. Russ, J. Inorg. Chem. 7, 359-60
(1962).

TEMPERATURE, °F

47

w/o Ce) dissolves at 1885°C and a significant increase
in solubility in liquid V was observed at 2000°C (1. 90

a/o or 5.02 w/o Ce).
A confusing picture exists for the solubility of V in

liquid Ce. Komjathy and '::o—Workerslo21 reported that

13t0 23 a/o V (5to 10 w/o V) is dissolved at the

monotectic temperature, but Eﬁ:mov1 0zz

of 1.6 a/o V (0,57 w/o V) in liquid Ce at the monotectic and

2.02/0V (0. 72 w/o V) at 2000°C. Savitskii et al. } %20

noted that V. raises the melting point of Ce 5-7°C and
lowers the 5:y transition temperature by 20-25°C, but
exact data were not reported.

CRYSTAL DATA

No solid compounds exist in the cerium-vanadium

system.
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Fig. 18b. Ce-V Phase Diagram (in a/o).

1021, Komjathy, S. A., R, H. Reed, W, Rostoker,
WADC-TR-59-483 (Jan., 1960). [Identical to
AD-236, 050, ]

1022. Efimov, Yu. V., Izv, Akad, Nauk SSSR, Metal.
1967, 163-7 {(1967). Eng. Transl, Russ., Met.
1967, 86-9 (1967).

found a solubility



CERIUM - ZINC

PHASE DIAGRAM

1023

Chiotti and Mason examined the Ce-Zn

system by means of metallographic, thermal, X-ray
and vapor pressure analyses under constrained vapor
conditions using 99.99% pure zinc and 99. 7% pure
cerium. “The cerium stock contained Mg, Fe, Siand
O as the major impurities, Figures 19%a and 19b are
based on their results, Of the nine compounds iden-
tified, three form congruently — CeZn, Cean and
CeZnS' 5 The remaining six form peritectically -
CeZn3, CeZ.n3- 67 CeZn4' 5 525 CeZn..(. and
CeZnu. A composition range of 83,6 to 84.1a/o0 Zn

CeZn

{70,440 71,1 w/o Zn; CeZn to CeZn

5,1 5.3

determined for the CeZn5 25 stoichiometry from

) has been

X-ray diffractometer patterns and a c/a versus
composition plot. CeZn~5 and CeZn5 (83.2:a/0 Zn, 69,8

w/o Zn) alloys reported by other researcher5803’

1024-5 150 close to this solid solubility region. Exam-
ination of the microstructure of ~87.5a/o Zn (~76.6

w/o0 Zny compositions indicates that the true stoichiom-

etry of the CeZn7 alloys is actually richer in Zn

than the formula suggests. 1023,1026 Thus, Ce3Zn221 027
and CeZ n,are probably equivalent, Two structural
1026

forms of CeZZn17 (Cean- 5) have been observed,

1028-9 but the a 3 B allotropic transformation is not

reversible. 1028

1028
a~form.

Excess zinc appears to stabilize the

Three eutectic compositions exist — y-Ce +
CeZnatl19.2 a/o Zn (10 w/o Zn), CeZn + CeZn2 at
55.7a/0 Zn (37 w/o Zn), and CeZn, + CeZn, at 73.2

a/o Zn (56 w/o Zn). From X-ray diffractometer patterns,
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Fig. 19a. Ce-Zn Phase Diagram (in w/o).

i

Chiotti and Mason 023 conclude that the solubility of

Znin Ce is <<2 a/o Zn (<<1 w/o Zn) at 540°C. The
solubility of Ce in liquid Zn has been :reported1 030 to
abey the usual log X vs. 1/T relationship over the 500~
795° C temperature range:

log X = 4,634 - Q%—E’E
where X is the mole fraction of Ce and T is in °K, Thes
values are in good agreement with earlier results, 803,1
but cover a wider terﬁperature range. The solid
solubility limit of Ce in Zn has been given as 0. 0056

a/o Ce (0.012 w/o Ce). 1032
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CRYSTAL DATA
Crystal Lattice Parameters 1
Compound Class a b < References
CeZn cubic 3. 70845 - - 803,.1025
CeZn, ortho. 4,633 7. 538 7.499 1023, 1026, 1029
CeZn, ortho. 4,620 10,440 6. 640 1023, 1026
CeZu, - ortho. 4,5215 . 8.8855 ' 13,463 1023, 1026
CeZn_, ¢ hex. 14, 600 - 14,110 1023, 1026
CeZng ,.  hex. 5.404+13 = - 4.264+7 810, 1024-6
CesZn22 tetr, 8.94+1 - 21,33+5 1027
CeZ.n8 5
or ° b b
a-Ce,Zn;, ~ rhomb.  9.079+9 - 13,287+3° 1026, 1028
B-Ce,Zn .  hex. 9. 08643 - 8.860+4  1028-9
CeZny, tetr, 10, 66c - 6. 855 803, 1025

&Variation in lattice parameters is due to the existence of a range of solid
solutions (see text).

bLa‘d:ice parameters are for the hexagonal unit cell,

IQRENCES (See page 50.)
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