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The C;:-Cu (Ceriur:_éopper)

System

By P.R. Subramanian and D.E. Laughlin
Carnegie-Mellon University

Equilibrium Diagram

The equilibrium phases in the Cu-Ce system include:
(1) the liquid, L, without any miscibility gaps; (2) the
fcc terminal solid solution (Cu) (the maximum solid
solubility of Ce in (Cu) is close to 0.1 at.% Ce); (3) the

Table 1 Solid Solubility of Ce in (Cu)

Ce-rich dcph terminal solid solution, (8Ce), based on
the equilibrium phase of pure Ce below 139 °C (the
solid solubility of Cu in (BCe) is negligible); (4) the Ce-
rich fec terminal solid solution, (yCe), based on the
equilibrium phase of pure Ce between 139 and 726 °C
(the maximum solid solubility of Cu in (yCe) is ~0.37

Temperature, Composition,
Reference °C at.% Ce Technique
[64Duil(@) .......ccocveemerenn 870 0.091 Metallography
800 0.068 microhardness, and
500 0.041 electrical resistivity
300 0.032
20 0.023
[T1Kor]...ccereerrecrerrcrennen 850 0.100 Metallography
800 0.045 microhardness, and
20 0.030 electrical resistivity

{a) Compositions were obtained as wt.% from the solvus boundary given in [64Dui] and then converted to at.%.
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Fig. 1 Assessed Cu-Ce Phase Diagram with Selected Experimental Data
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Fig. 2 Enlarged Portion of the Cerium-Rich Region of the Assessed Cu-Ce Phase Diagram with Selected
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at.% Cu at 708 °C); (5) the Ce-rich bee terminal solid
solution, (§Ce), based on the equilibrium phase of pure
Ce between 726 and 798 °C (the maximum solid solu-
bility of Cu in (5Ce) is ~ 0.55 at.% Cu at 708 °C); (6) the
orthorhombic intermediate phase, CugCe, stable up to
the congruent melting temperature of 938 °C; (7) the
hexagonal phase, CusCe, stable up to the peritectic
temperature of 798 °C; (8) the orthorhombic phase
Cuy4Ce, stable up to the peritectic temperature of 796
°C; (9) the orthorhombic phase, CugCe, stable up to the
congruent melting temperature of 817 °C; and (10) the
equiatomic phase, CuCe, stable up to the peritectic
temperature of 516 °C,

The assessed Cu-Ce equilibrium diagram shown in
Fig. 1 is derived primarily from the work of [64Rhi],
with the elemental melting points adjusted to conform
to the accepted value for Cu from [Melt] and for Ce
from [78Bea] and [86Gsc]. The diagram has been
determined from thermal analysis, metallography, X-
ray diffraction, and microhardness data. The original
phase diagram investigation of [16Han] is in general
agreement with the diagram of Fig. 1, with some
variations in the reported invariant temperatures and
in some instances, the eutectic compositions. In addi-
tion, [15Han] did not report the existence of CusCe.
The Cu-Ce phase diagram of [61Gsc] was established
primarily from an earlier report of Rhinehammer and

co-workers (as quoted in [61Gsc]). Although in excel-
lent agreement with the assessed phase diagram, the
diagram of [61Gsc] also did not indicate the formation
of CusCe. This phase was first reported by [61Dwi],
who conducted lattice parameter studies on a large
number of AB5 compounds. Subsequently, [64Rhi]
confirmed the existence of the hexagonal Cu5Ce phase
from electron microprobe X-ray analysis of metal-
lographic samples and from single-crystal analysis.
[64Rhi] suggested that the close proximity of the in-
congruent melting temperatures of CusCe and Cu4Ce
prevented their detection as separate phases in earlier
investigations. The existence of CusCe was accepted in
a subsequent revision of the Cu-Ce system by [74Gsc].

The Ce-rich end of the Cu-Ce equilibrium diagram,
shown in Fig. 2, is taken from [61Gsc], with minor
changes in the (yCe) «» (5Ce) transformation tempera-
ture and in the elemental Ce melting point. At high
temperatures, the Ce-rich end of the diagram is
characterized by the catatectic decomposition of (5Ce)
at 708 °C to form (yCe) and the liquid. [64Rhi] con-
ducted extensive investigations in this region with
both high-purity Ce and lower purity Ce (the impurity
content was not given). In the high-temperature Ce-
rich end of the diagram of [64Rhi], the exact nature of
the transformation occurring at the invariant
temperature of 708 °C is not very clear. Presumably,
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the transformation takes place through a catatectic
reaction in concurrence with [61Gsc]. The data,
however, indicate that the invariant temperature is
lowered by as much as 10 °C with the use of the lower
purity Ce. In addition, [64Rhi] observed a solid-state
transformation at 408 °C in the region 40 to 100 at.%
Ce. This transformation was, however, not observed
when high-purity Ce was used. Solid-state transforma-
tions have also been reported in Ce-rich alloys by
[156Han] at 368 °C and by [61Gsc] at 386 °C. An addi-
tional thermal arrest was observed by [64Rhi] at 488
°C in the region 38 to 51 at.% Ce. [64Rhi] concluded
that impurities in Ce cause all of these solid-state
transformations to occur, thus indicating the influence
of Ce purity on the phase relations in the Cu-Ce sys-

tem. Therefore, these transformations are not shown
in the assessed phase diagram.

Terminal Solid Solubility

[64Dui] determined the solid solubility of Ce in Cu on
the basis of metallography, microhardness, and resis-
tivity data. They have observed a maximum solid
solubility of ~0.1 at.% Ce at 870 °C. [62Bys] reported
that the solid solubility of Ce in Cu is less than 0.5 at.%
Ce at 770 °C, whereas [71Kor] reported a maximum
solubility of 0.1 at.% Ce at 850 °C. The various results
are summarized in Table 1. The maximum solid
solubilities of Cu in (5Ce) and (yCe) are ~0.55 and
~0.37 at.% Cu, respectively, derived from [61Gsc].

Table2 Select Experimental Data on the Cu-Ce Liquidus Boundaries

Composition, Temperature, Compositio Temperatu
Reference at[.,%sCe pe°C Reference atl?'g»s()e ™ P‘é re
[64Rhilta) ................ 20 882.7 [T4Gsc)(e).....oeeeevveveveeee. 0 1083.0

40 792.3 2 1049.6
50 680.8 4 1014.4
54 638.5 6 952.0
70 448.1 8 896.0
85 592.3 [61Gscl(d).....ovevrrrirenen, 94.0 708
95 720.8 94.8 720
96.5 740.0 95.6 730
99 782.3 96.2 740
99.5 791.9 96.9 750
100 805.4 97.5 760
98.2 770
|64Rhij(b) ................ 6.3 946.2 98.9 780
10.0 905.8 100 797
11.9 923.1
14.3 938.0 [15Han)e).....cceeevvvcveeeee. 0 1080
17.7 926.9 0.2 1070
20.0 8923 12 1050
23.1 830.8 2.3 1030
254 773.1 6.7 920
27.7 773.1 8.8 890
30.0 796.2 11.7 920
33.3 817.0 153 935
36.0 8154 16.1 930
39.6 796.2 18.9 910
4156 784.6 20.6 870
439 761.5 25.0 800
473 726.9 26.0 757
514 669.2 304 802
56.4 600.0 35.1 820
575 571.2 40.0 800
65.4 496.2 45.7 740
67.7 473.1 50.8 675
731 4404 56.4 595
80.0 630.7 63.1 530
90.0 661.5 66.4 480
93.0 687.3 75.1 460
97.5 762.3 81.0 535
98.6 776.2 873 610
100 7923 974 710

(a) Experimental data for alloys made with high-purity Ce. (b) Experimental data for alloys made with lower purity Ce. (¢) Data
for the Cu-rich end, from the phase diagram of [74Gsc]. (d) Data from the Ce-rich end of the phase diagram of |61Gsc]. (e) Lig-
uidus compositions and temperatures taken from thermal analysis data of [15Han|.
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Table 3 Special Points of the Assessed Cu-Ce Phase Diagram

Compositions of the
respective phases, Temperature, Reaction
Reaction at.% Ce °C Reference
(Cuwe Lo, 0.0 1084.87 Melting [Melt]
point
L« (Cu) + CugCe............. 8.5 ~0 14.3 870 Eutectic [156Han)
85 ~0 14.3 876 [61Gscl(a)
~0.1 870 £ 5 [64Dui]
9.0 ~0 14.3 876 [64Rhi]
9.0 ~0 ... 877 [73Hoh]
L« CugCe.....oocovrvven. 14.3 935 Congruent [15Han]
14.3 938 |64Rhi]
14.3 937 [73Hoh]
L + CugCe «» CugCe......... 23.4 14.3 16.7 798 Peritectic [64Rhi]
L + CugCe «» CuqCe........ 23.5 16.7 20.0 796 Peritectic {64Rhi]
L+ Cu4Ce + CugCe........ 263 20.0 33.3 756 Eutectic [16Han]
26.3 20.0 333 756 [61Gsc](a)
26.0 20.0 33.3 756 [64Rhi]
L« CugCe........cocvvvvennn. 33.3 820 Congruent [156Han]
33.3 817 [64Rhi]
L + CugCe «» CuCe........... 626 33.3 50.0 515 Peritectic [15Han]
60.3 33.3 50.0 516 [61Gsc](a)
60.0 33.3 50.0 516 [64Rhi])
L« CuCe + (yCe) ............ T2 50 ~0 415 Eutectic [15Han]
72 50 <0.5 424 [64Rhi]
72 50 422 + 2 |65Per]
(8Ce) £ (yCel + L.............. ~99.5 ~99.6 ~94.0 708 Catatectic |161Gsclia)
~995 ~042 708 |64Rhi]
(yCe) «+ (BCel.......ccoenere. 100 726 Allotropic [78Bea, 86Gsc|
(8Ce) > Lo, 0.0 798 Melting |78Bea, 86Gsc)
point

Note: Select values for the assessed phase diagram are shown in boldface type.
(a) Data of [61Gsc]| are included only if different from the data of [64Rhi].

Liquidus and Solidus

The melting points of Cu and (§Ce) are 1084.87 [Melt]
and 798 °C [78Bea, 86Gsc], respectively. The ex-
perimental liquidus data from the various reports are
listed in Table 2. In all instances, the temperatures
shown for the experimental data are as reported and
have not been corrected for the 1968 temperature
scale (IPTS-68).

The initial slope of the solidus at the Ce-rich end was
evaluated from the liquidus data of Fig. 3, along with
the enthalpy of fusion and melting point data of (5Ce).
The resultant solidus slope was estimated as —169.9
°C/at.% Cu, in fairly good agreement with the solidus
slope from the phase diagram of [61Gsc].

The reported compositions and temperatures of the
various invariant reactions are listed in Table 3. The
present evaluators have shown that the melting
temperatures of the Cu-lanthanide intermediate phas-
es show a systematic variation as one progresses
across the lanthanide series. (see “The Copper-Rare
Earth Systems”). In this context, the accepted melting
temperatures of the varicus Cu-Ce intermediate
phases fit in with the general trend established for the
other Cu-lanthanide systems.

Three eutectic reactions occur in the Cu-Ce system.
These include:

® The liquid at 9 at.% Ce, in equilibrium with (Cu) and
CugCe at 876 °C. The eutectic composition and
temperature are taken from [64Rhi] and are in good
agreement with the data from [73Hoh]. The phase
diagram of [156Han] indicated the eutectic reaction
at 8.5at.% Ce and 870 + 5°C.

® The liquid at 26 at.% Ce, in equilibrium with Cu4Ce
and Cu2Ce at 7566 °C. The data are taken from
[64Rhi], and are in close accord with the data of
[15Han].

® The liquid at 72 at.% Ce, in equilibrium with CuCe
and (yCe) at 424 °C [64Rhi]. [66Per] concluded on
the basis of density measurements that the most Ce-
rich eutectic reaction occurs at a temperature of 422
+ 2°C and at a composition of ~72 at.% Ce, in cor-
roboration with the results of [64Rhi]. Although the
eutectic composition reported by [15Han] is in
agreement with the data of [64Rhi], their value for
the eutectic temperature is 9 °C lower than the ac-
cepted value. This may be explained by impurities in
the Ce metal used by [15Han]. Their Ce metal was
only 96.7% pure and had a melting point of 715 °C,
which is considerably lower than the currently ac-
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Fig. 3 Assessed vs Calculated Cu-Ce Phase Diagram
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cepted melting point of 798 °C. Therefore, the im-
purities in the Ce metal might have contributed to
the lowering of the eutectic temperature in the Ce-
rich end.

The eutectic compositions of [64Rhi], in all instances,
are reported to be accurate within +1 at.%, and the
eutectic temperatures are reported to fall within +2
°C.

Intermediate Phases

The Cu-Ce system consists of five intermediate
phases, CugCe, CusCe, CugCe, CuzCe, and CuCe, all of
which are reported to be stoichiometric in composi-
tion.

CusCe

CugCe is formed from the liquid through a congruent
transformation. The melting temperature of 938 °C is
taken from [64Rhi]. The melting temperatures
reported by [156Han] and by [73Hoh] are within 3 °C of
the accepted melting temperature for CugCe.

CusCe

CusCe forms from CugCe and the liquid ~23.2 at.%
Ce and 798 °C through a peritectic reaction. The exist-
ence of this phase was first reported by [61Dwi], and
later corroborated by [64Rhi] on the basis of metal-
lographic and single-crystal analyses. [156Han] and
[61Gsc] did not observe the formation of this phase,

presumably because Cus5Ce and the adjacent phase
Cu4Ce form within a temperature interval of only 2 °C.
CusCe

Cu4Ce forms at 796 °C by a peritectic reaction from
CusCe and the liquid at ~23.4 at.% Ce. In the report of
[61Gsc], this phase was assigned the stoichiometry
Cu4.8Ce1.2 with a structure similar to that of CusCa.
However, in a subsequent compilation by [74Gsc], the
existence of CuqCe as a separate compound was ac-
cepted along with the existence of CusCe.

Cu3zeCe

Cu3.6Ce, with a stoichiometry very close to that of
Cu4Ce, was observed by [84All]. According to results
from an earlier unpublished work by the same author
(as quoted in [84All]), the Cug ¢Ce phase exists over a
narrow temperature range, and that its formation
cannot be observed during solidification at normal
cooling rates. Apparently, Cu3gCe is a metastable
phase and forms only under rapid cooling. As such, its
occurrence is not shown in the assessed equilibrium
diagram.

CuzxCe

CugCe forms congruently at 817 °C. The accepted

melting temperature from [64Rhi] is 3 °C lower than
the value reported by [15Han].

CuCe

CuCe, the equiatomic phase, is the most Ce-rich inter-
mediate phase, and forms from Cu2Ce and the liquid
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Table4 Cu-Ce Experimental Lattice Parameter Data

Ce-Cu

Crystal Lattice parameters, nm
Phase structure a & c Reference
CugCe.................. Orthorhombic 0.8085 0.5097 1.0172 [62Bys]
0.8112 0.5102 1.0162 [60Cro]
+ 0.0001 * 0.0001 =+ 0.0001
0.8108 0.5102 1.0160 [70Bus]
CusCe.................. Hexagonal 0.5141 0.4132 [48Heu](a)
0.5150 0.4102 [62Bys](a)
+ 0.0002 =+ 0.0002
0.5146 0.4108 {61Dwi])
0.514 0.411 [64Rhi]
+ 0.001 + 0.001
0.5149 e 0.4108 [71Bus)(b)
CuyCe.................. Orthorhombic 0.454 0.810 0.919 [64Rhi]
+ 0.001 + 0.001 + 0.001
CugeCe................ Hexagonal 1.1858 e 0.9107 [84Al1}
: + 0.0004 + 0.0003
CuzCe.................. Orthorhombic 0.443 0.705 0.745 [61Lar1]
+ 0.001 + 0.002 + 0.002
0.4425 0.7057 0.7475 [63Sto](c)
* 0.0005 * 0.0005 =* 0.0005
0.4433 0.7064 0.7472 [7701cl(d)
CuCe......ooueunee. Orthorhombic 0.730 0.430 0.636 [61Lar2]
+ 0.002 + 0.002 + 0.002
0.719 0.430 0.623 [66Wal]
0.7370 0.4623 0.56648 [65Dwi)(e)

(a) Data quoted for CuyCe. (b) All

oys made from 99.99% pure Cu and 99.9% pure Ce. (¢) Alloys made from 99.999% pure Cu and
99+ % pure Ce. (d) Alloys made from 99.999% pure Cu and 99.9% pure Ce. (e) As quoted in [74Gsc].

TableS Cu-Ce Crystal Structure Data

Composition Struktur-

ran Pearson Space bericht Proto-
Phase at.% Ce symbol group designation type
(CW e, 0 cF4 Fm3m Al Cu
CugCe........ucoun...... ~14.29 oP28 Pnma CeCug
CusCe........oenee.. ~16.67 hP6 P6/mmm D24 CaCus
CuyCe........uneu..... ~20.0 oP20 Pnnm CeCuy
CuzCe....ccuvcecnnnnn. ~333 ol12 Imma .- CeCuz
CuCe......ouueveenn..n. ~50 oP8 Pnma B27 FeB
(8Ce)....ccovemrrennee. 100 cl2 Imgm A2 w
(yCe) o 100 cF4 Fm3m Al Cu
(BCe) . 100 hP2 P6g/imme A3 Mg
(@Ce) ... 100 cF4 Fm3m Al Cu

of composition ~60 at.% Ce through a peritectic
transformation. The reaction temperature of 516 °C is
taken from [64Rhi], and is in good agreement with
that of [15Han)].

Crystal Structures and Lattice Parameters

The reported lattice parameter values for the various
Cu-Ce intermediate phases are given in Table 4.

The CugCe phase was first investigated by [62Bys],
who concluded from single-crystal analyses that
CugCe is orthorhombic. Their investigations were con-
ducted on alloys made from 99.99% pure Cu and
~98.6% pure Ce. [60Cro] carried out a detailed struc-
tural investigation of CugCe and concluded that the

CugCe structure can be considered as a new prototype.
Phases with the CugCe stoichiometry and prototype
structure have been observed to form in a number of
Cu-lanthanide systems (see “The Copper-Rare Earth
Systems,” in this issue). The CugCe phase also was in-
vestigated by [70Bus]. Their lattice parameter data for
CugCe are in close accord with the data of [60Cro].

[61Dwi] indicated that Cus5Ce has a hexagonal CaCus
prototype structure. Lattice parameter data reported
for this phase by [64Rhi] and [71Bus] are in good
agreement with the results of [61Dwi].

Both [48Heu] and [62Bys] reported lattice parameter
values for CugCe based on a hexagonal lattice.
However, [64Rhi] pointed out that the data of [48Heu]
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Table6 Cu-Ce Lattice Parameter Data

Composition, Lattice parameters, nm
Phase at.% Ce a b ¢ Comment Reference
(CU) e 0 0.36146 At25°C [Massalski]
CugCe..uinrviiiiricrennes ~14.29 0.8110 0.5102 1.0161 . [60Cro, T0Bus]
Cu;Ce -~ 16.67 0.5148 0.4108 [61Dwi, 71Bus)
CugCe....naeaneeereeennn, ~20.0 0.458 0.810 0.935 (a)
CuzCe.....covvivevnnn, ~33.3 0.4429 0.7061 0.7474 [63Sto, 770Ic)
CuCe.....ccovenvenrnnn. ~ 50 0.7370 0.4623 0.5648 e [65Dwil
[£:10-Y ISR 100 0412 . s At 757°C [78Bea, 86Gsc])
{yCe) .. 100 0.51610 . At 24°C [78Bea, 86Gsc)
(BCe) 100 0.36810 1.1857 At 24 °C [78Bea, 86Gsc]
(aCe) 100 0.485 At-196°C [78Bea, 86Gsc]

(a) Based on |64Rhil; the a and ¢ parameters have been increased by 0.004 and 0.016 nm, respectively, to conform to the sys-
tematics of crystallographic data for the Cu-lanthanide systems [83Gsc, 86Sub).

Table7 Heat Capacity Data for Liquid Cu-Ce

Alloys
Temperature
Composition, Specific heat range,
at.% Ce J/mol-K °C
0. 30,21 % 0.39 1142 to 1775

19.95.......cccernen. 32,99 + 0.61 1386 to 1928
3027 ..., 35.77 + 1.46 1382to 1819
40.70 ... e 36,24 = 0.72 1147 to 1815
50.09.... e 33.25 = 1.33 1417 to 1933
61.28.... .. 3267 £ 1.28 1410 to 1927
TL2T o, 32.41 = 1.567 1371 to 1945
80.24.... .. 3243 + 0.83 1332 to 1998
89.64.....iiiene, 32.66 + 0.69 1430 to 1974
100...ice, 33.36 = 0.46 1258 to 2134

From [80Dok].

and [562Bys] might actually refer to CusCe, because
their reported density and lattice parameter values for
Cu4Ce correspond closely with the calculated values
for CugCe. Preliminary results by [64Rhi] indicate
that CuqCe is orthorhombic with a probable space
group Pnnm. '

[84All] established the existence of Cu3gCe and
reported that this phase crystallizes with a stoichio-
metry of Cu51Ce14 and with the Ag51Gdi4 prototype
structure. The existence of this phase was not reported
by earlier researchers.

From detailed structural investigations on single crys-
tals, [61Lar1] concluded that Cu2Ce is orthorhombic
and crystallizes with a new prototype structure. Their
lattice parameter data are included in Table 4, along
with the reported lattice parameter values of [63Sto]
and [770lc). The accepted lattice parameters are
based on [770Ic]; the data of [61Larl] were not used
because the “c” parameter value reported by these
authors does not agree with the results of other inves-
tigators.

The lattice parameters reported by [61Lar2], [65Dwi],
and [65Wal] for CuCe disagree with one another. In

328

Table8 Cu-CeThermodynamic Properties

Lattice stability parameters for Cu(a)
GY%Cu,L1=0

GU%Cuy, fee) =-13054 + 9.613 T
Lattice stabililty parameters for Ce(b)
G%Ce,L) =0

G%Ce, bee) = -5460 + 5,098 T

G%Ce, fec) = -8450 + 8,091 T

Gibbs energies(c)

G(L) = X(1-X)-91328 + 55390X) + RT(XInX +
(1-X)In(1-X))

ArG(CugCe) =-20298 + 491 T

AG(Cu;Ce) = -20480 + 4.00 T

ArG(CuyCe) =-16394 + 0.99 T

ArG(CugCe) = -35949+ 13.03T

AG(CuCe) =-32559 + 14.50 T

Note: Standard states: pure liquid Cu and pure liquid Ce.
Gibbs energies are expressed in J/mol, and temperatures are
in K. X is the atomic fraction of Ce. Mol refers to the atom as
the elementary entity.

(a) From [Hultgren,E]. (b) From [83Chal; melting and trans-
formation temperatures are from [78Bea] and [86Gsc]. (c)
From the phase diagram [this work].

this context, [74Gsc] accepted the set of lattice
parameter values reported by [65Dwi] as the most ac-
curate, based on the critical analysis of [66Hoh] on
~40 FeB, B27-type structures. The present authors
were unable to resolve the discrepancy in the reported
lattice parameter data; however, the lattice parameter
values of [65Dwi] are consistent with the systematic
decrease in lattice parameters with increasing atomic
number. Accordingly, the accepted lattice parameter
data for CuCe are from [65Dwil], in concurrence with
the judgment of [74Gsc].

The accepted lattice parameter data, crystal struc-
tures, and related parameters for the various phases
are shown in Tables 5 and 6. Also included are the cor-
responding data for (Cu), as well as for the various
polymorphs of Ce.

Bulletin of Alloy Phase Diagrams Vol. 9 No.3a 1988



Table9 Calculated Enthalpies of Formation of Cu-
Ce Intermediate Phases vs Theoretical Estimates

Based on Miedema’s Model
Enthalpy of formation, kJ/mol
Present edema
Phase modeling model(a)
CugCe....ccovveererrerreerrnne -20.3 -28.4
CusCe.....ueevererevnreeinenne -20.5 -30.8
CugCe....uvveiieerecirenee -16.4 -34.0
CugCe.....covvrvereniine. -36.0 -42.4
CuCe..ooevvevrrnrvne -32.6 -40.9

Note: Standard states are liquid Cu and liquid Ce.
(a) From [83Nie].

Thermodynamics

Thermodynamic Measurements

No experimental thermodynamic data are available
for the solid Cu-Ce alloys, although heat capacity data
have been reported for liquid Cu-Ce alloys over the
complete range of alloy compositions [80Dok]. Their
heat capacity results are shown in Table 7. Also,
[80Dok] expressed the heat capacity of the liquid Cu-
Cealloys as:

Cp =422+ 29.08 exp(—O 108X cw)
+ 4.99 exp[-36.44(XCu - 0.67)2 J/molK  (Eq1)

where XCy is the mole fraction of Cu. Moreover,
{80Dok] observed that the composition variation of the
heat capacity shows a maxima corresponding to the
stoichiometry of the intermediate phase Cu2Ce. They
interpreted this maxima as being due to atomic
clustering in the liquid Cu-Ce alloys, thereby resulting
in the structure of Cu2Ce being retained in the liquid
state.

Thermodynamic Modeling

The Cu-Ce liquidus boundaries are fairly well-estab-
lished, and therefore can be used to derive expressions
for the thermodynamic functions of the liquid, as well
as for the intermediate phases. The thermodynamic
functions can then be used to calculate the various
phase boundaries for comparison with the experimen-
tal data. In the present evaluation, the following as-
sumptions were made:

 The solid phases (Cu), (5Ce), and (yCe) have no sig-
nificant solid solubility.

o The lattice stability parameters for the (Cu) and
(6Ce) phases are derived from the enthalpies of
fusion, as well as the melting points of the respective
elements. The lattice stability parameters for (yCe)
are derived from those for (5Ce) as well as the
temperature and enthalpy of the allotropic transfor-
mation (yCe) «» (§Ce). The resultant expressions are
given in Table 8, where pure liquid Cu and pure lig-
uid Ce have been chosen as standard states.

@ The liquid behaves like a subregular solution. The in-
tegral molar excess Gibbs energy for the liquid can,

Ce-Cu

therefore, be expressed in terms of two temperature-
independent parameters as follows:

G®X(L) = X(1 - X}A + BX) (Eq2)

where X is the atomic fraction of Ce.

All of the intermediate phases are line phases, i.e., the
phases show nil homogeneity ranges.

In the present evaluation, data for the two eutectic
points at 9 at.% Ce, 876 °C and 72 at.% Ce, 424 °C were
utilized to derive the integral molar excess Gibbs ener-
gy of the liquid. The resultant expression for the in-
tegral Gibbs energy of the liquid is given in Table 8.

The integral molar Gibbs energies of the intermediate
phases were next derived from consideration of equi-
librium between the liquid and the respective inter-
mediate phases at various invariant temperatures.
The Gibbs energies of the phases at various tempera-
tures were then fitted by least-squares analysis to give
the expressions that are listed in Table 8. For CugCe
and Cu2Ce, the Gibbs energy functions were deter-
mined from liquid data at three different tempera-
tures: 938, 876 and 798 °C for CugCe and 817, 756, and
616 °C for Cu2Ce, respectively.

The liquidus boundaries were calculated at selected
temperatures from the thermodynamic functions
listed in Table 8. The calculated liquidus is compared
with the experimental phase boundaries in Fig. 3. The
calculated phase boundaries match quite well with the
experimental liquidus, with some exceptions in
selected regions. The calculated eutectic composition
at 756 °C lies at 24.7 at.% Ce, and is accompanied by
shifts of the L + Cu4Ce/L liquidus and the L/L +
Cu2Ce liquidus towards higher Cu content. These liq-
uidus boundaries were determined as follows: the L/L
+ Cu2Ce boundary and the eutectic composition at
7566 °C were first established by considering equi-
librium of the liquid with the Cuz2Ce phase. The molar
Gibbs energy of the CugCe phase was next evaluated
from data at 796 and 756 °C, corresponding to liquid
compositions 23.5 at.% Ce and 24.7 at.% Ce, respec-
tively. The resultant expression for the Gibbs energy of
CuqCe was then utilized to calculate the L + Cu4Ce/L
liquidus.

In order to observe if any improvements could be made
in this region, the stability parameters for Cu2Ce were
re-evaluated by selecting liquidus data at only two of
the three reported invariant temperatures at any in-
stance. The resultant expressions for the Gibbs energy
of Cu2Ce are as follows:

AfG(756 and 817 °C) = -27 667 + 5.24 T (J/mol)

(Eq 3)
AfrG(616 and 817 °C) = -35 591 + 12.51 T (J/mol)

(Eq 4)
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AfG(516 and 756 °C) = —37 048 + 14.36 T (J/mol)
{Eq5)

The temperatures in parentheses refer to the two in-
variant temperatures that were used for evaluating
the Gibbs energy expressions. The calculated L, +
CuzCe/L liquidus between 817 and 516 °C from Eqs 4
and 5 agreed well with the experimental liquidus,
whereas the L/L + CugCe liquidus between 756 and
817 °C and to the left of the congruent melting
temperature of 817 °C was quite inconsistent with the
experimental liquidus. The expression from Eq 3
showed good results for the L/L + Cu2Ce liquidus to
the left of the congruent temperature. However, the L
+ Cu2Ce/L liquidus between 817 and 516 °C showed
deviation from the experimental liquidus toward
higher Cu content. As such, the Gibbs energy expres-
sion for Cu2Ce shown in Table 8 was deemed most reli-
able and most consistent with the experimental liq-
uidus.

The decomposition temperatures of the various inter-
mediate phases were determined from the tempera-
ture variation of the molar Gibbs energies of the
phases. In all cases, the decomposition temperatures
were found to be above their respective formation
temperatures, indicating that these phases are quite
stable at all points below their formation tempera-
tures.

The enthalpies of formation obtained from the present
modeling are compared in Table 9 with those derived
on the basis of the semi-empirical model of Miedema
[80Mie, 83Niel. In all instances, the Miedema values
are more exothermic than those obtained in the
present calculation.
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