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Equilibrium Diagram

[70Zak] determined the solid solubility of Sc in Cu in
the range 600 to 865 °C from hardness measurements
on alloys prepared from 99.6% pure Sc. They reported
a maximum solubility of ~0.5 at.% Sc at the eutectic
temperature of 865 °C, and their solubility data are
shown in Table 1.

[70Sav] investigated the Cu-Sc system by means of
metallography, differential thermal analysis (DTA),
dilatometry, and X-ray diffraction. The authors ob-
served the congruent formation of CuqSc and CuSc at
925 and 1125 °C, respectively, and the peritectic for-
mation of Cu2Sc at 890 °C. Three eutectics were
reported: Cu-CuqSc (865 °C, ~13 at.% Sc); CuqSc-
CugSc (875 °C, ~30 at.% Sc), and CuSc-(aSc) (875 °C,
~T1 at.% Sc). [70Sav] reported the terminal solid
solubility of Sc in Cu to be ~0.5 at.% Sc and that of Cu
in Sc tobe <1 at.% Cu.

[78Mar] investigated the Cu-Sc system in the region 0
to 80 at.% Sc and proposed the congruent formation of
Cu4Sc, Cu2Sc, and CuSc at 975, 990, and 1125 °C,
respectively. The authors also reported that Cu4Sc
forms over a wide range of homogeneity (~4 at.%) and

Table 1 Solubility of Sc in (Cu)

Temperature, Solubility(a),
°C at.% Sc

BOO0 ..o seeae e e s ae e e erneaeean 0.04

TOO e e e 0.13

BOO it 0.28

B0 ittt e e e naa e 042
BBO(D) .ot 0.49

From [70Zak].

(a) Solid solubility limits based on hardness measurements
on alloys with compositions of 0.05, 0.2, 0.4, 0.47, and 1.05
wt.% Sc. (b) Cu-rich terminal eutectic temperature.
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Table2 Special Points of the Assessed Cu-Sc Phase Diagram

Compositions of the

respective phases, Temperature, Reaction
Reaction at.% Sc °C type Reference
(CwW L., 0.0 1084.87 Melting point [Melt]
L « (Cu) + CuqSc............. ~13 ~0.5 20 865 Eutectic [70Sav]
LeCusSc.ieeierenen. 20 925 Congruent [T0Sav]
L «» Cu4Sc + CugSec.......... ~30 20 333 875 Eutectic [70Sav]
L« CugSc..coonviiinricienn, 333 990 Congruent [78Mar]
L e Cu2Sc + CuSc ........... 36.5 33.3 50 890 Eutectic [70Sav, 78Marl](b)
LeCuSc..iiiiiieees 50 1125 Congruent [708av, 78Mar]
L « CuSc + (aS¢)..covvevreee. 71 50 ~99 875 Eutectic [70Sav]
(Se) > (BSed ~100 1337 Allotropic [78Bea, 86Gscl]
(BSc) L 100 1541 Melting point [78Bea, 86Gscl]

(a) Compositions for the phases are given in the order they appear in column 1. (b) Liquidus composition was estimated from Fig.

1

that CuSc occurs at an off-stoichiometric composition
of ~35 at.% Sc. [78Mar] observed the formation of
four eutectics: Cu-Cu4qSc (860 °C, ~11 at.% Sc);
Cu4Sc-CugSc (870°C, ~ 32 at.% Sc); CuzSc-CuSc (890
°C, ~39 at.% Sc); and CuSc-(aSc) (900 °C, ~71 at.%
Sc). According to [78Mar], the terminal solid solubility
of Sc in Cu is negligible, whereas the solubility of Cu in
Scis estimated to be ~ 1.6 at.% Cu at 800 °C.

The Cu-Sc phase relationships of [70Sav] are in
general agreement with those of [78Mar], with the ex-
ception of the region 30 to 40 at.% Sc. The major point
of contention is the melting behavior of Cu2Sc;
[70Sav] reported the peritectic formation of Cu2Sc at
890 °C, whereas [78Mar] reported the congruent for-
mation of Cu2Sc at 990 °C, as well as the occurrence of
a Cu2Sc-CuSc eutectic at 39 at.% Sc and 890 °C. In the
absence of other experimental phase diagram infor-
mation, one has to rely on the systematics of alloying
behavior of Cu with the rare earths [85Gsc] to resolve
the conflicting data (see also “The Copper-Rare Earth
Systems,” in this issue). In this context, the melting
behavior of Cu2Sc, as reported by [78Mar], is in agree-
ment with the data of Cu2Gd [83Car], Cuz2Dy [82Fra],
and Cu2Y [61Dom)] (also see “The Copper-Rare Earth
Systems” and Cu-Gd, in this issue, and [81Cha],
respectively). The alloying behavior of Sc is expected
to be analogous to that of Y and Gd (a member of the
heavy lanthanide group). As such, Cu2Sc is accepted as
a congruently melting phase, with the melting
temperature accepted from [78Mar] as 990 °C. The
presence of Cu2Sc as a congruently melting phase is
corroborated by the results of [84Wat], who reported
the synthesis of Cu2Sc by heating appropriate
amounts of pure Cu and pure Scin a high-temperature
calorimeter.

Figure 1 shows a composite of the available ex-
perimental data from [70Sav] and [78Mar]. The as-
gessed Cu-Sc equilibrium diagram, also shown in Fig.
1, isdrawn from the data of [70Sav], primarily because
of the presence of a larger number of data points in
their investigation. Because of the lack of experi-
mental data points for the liquidus in the regions L/L

+ CugSc, CugSc + L/L, and L/L. + (Sc), these phase
boundaries were calculated from thermodynamic a-
nalysis (discussed in a later section). Further experi-
mental work needs to be done in the region close to the
stoichiometry of Cu2Sc in order to delineate the L/L +
Cu2Sc and Cu2Sc + L/L liquidus boundaries. Elemen-
tal melting points have been adjusted in Fig. 1 in ac-
cordance with the accepted values listed in [Melt] for
Cu and in [78Bea] and [86Gscl] for Sc. The (a« — p)
transformation temperature of Sc is accepted as 1337
°C [78Bea, 86Gscl]. Table 2 shows composition and
temperature data at the various invariant points.

Crystal Structures and Lattice Parameters

Crystal structures, accepted lattice parameter data,
and related parameters for the various phases are
summarized in Tables 3 and 4. Data for pure Cu are
from [Massalski], and for pure Sc from [78Bea] and
[86Gscl].

Crystal structure and lattice parameter data have not
been reported for CugSc. [67Dwi] reported that Cu2Sc
forms with the tetragonal MoSi2-type structure. Al-
though CuSc is confirmed to crystallize with the cubic
CsCl structure, there is some disagreement in the
reported lattice parameter data for this phase. [64Gla]
determined the lattice constant of CuSc to be 0.324
nm; their investigations were conducted on arc-melted
alloys prepared from electrolytic Cu and 98.2 wt.%
pure Sc. On the other hand, [74Mar] reported an un-
usually large value of 0.48 nm for the lattice para-
meter of CuSc; no alloy purity was given. The CuSclat-
tice parameter data of [62Ald] and [77Sie] concur;
their alloys were prepared from metals with a purity of
at least 99.95%, which is considerably higher than that
of [64Gla]. As such, their data are accepted in Table 4.

Thermodynamics

Thermodynamic Data

[84Wat] determined enthalpies of mixing of liquid Cu
in solid Scat 1373 K and over the range 0 to 72.25 at.%
Sc by means of high-temperature reaction calorimetry.
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Table3 Cu-Sc Crystal Structure Data

Composition, Pearson Space Strukturbericht

Phase at.% Sc symbol group designation Prototype
(CU) oo, 0 cF4 Fm3m Al Cu
CugSec..covveeinveennn, ~33.3 tI6 I4/mmm Cll, MoSig
CUSC..ooovee e ~50 cP2 Pm3m B2 CsCl
(@SC)cvrvvviiiviinienn. 100 hP2 P6g/mme . A3 Mg
(BSe)..cririieee. 100 cl2 Im3m A2 W
Table4 Cu-Sc Lattice Parameters

Composition Lattice parameters,nm
Phase at.% Sc a Comment Reference
(CU) e 0 0.36146 At 25°C [Massalski]
CusSc.....ceevvreene. ~33.3 0.3290 0.8388 [67Dwi]
CuSc......ceeeeeveeee. ~50 0.3256 [62Ald, 77Sie]
(aSc)...ovceeeveeene. 100 0.33088 0.52680 At25°C [78Bea, 86Gscl)
(BSC)iiiiciennes 100 . >1337°C(a) [78Bea, 86Gscl)

(a) [Massalski] reported a value of 0.4541 nm for the lattice parameter of (BSc). This value is almost 0.1 nm larger than the lat-

tice parameter of bee Sc estimated by [86Gsc2] ( ~ 0.368 nm).

Table 5 Enthalpy of Mixing of Liquid Cu-Sc Alloys

Composition, Enthalpy of Composition, Enthalpy of
atomic mixing, atomic mixing,
fraction Sc J/mo fraction Sc J/mol
0.00693................ 830 0.2000............... 16550
0.0179................ 1900 0.2699 ............... 21340
0.0367.................. 3470 0.3335............... 22490
0.0588.................. 5300 0.4066 ............... 24660
0.0789... 6870 06376............... 21910
0.1199... 10910 0.7225 ............... 18450

Note: At 1373 K. From [84Wat)].

The resulting enthalpies of mixing for liquid Cu-Sc al-
loys from [84Wat] are listed in Table 5. [84Wat] also
determined the enthalpies of formation of the con-
gruently melting phases CugSc, Cu2Sc, and CuSc by
calorimetry. These data are listed in Table 6, along
with the enthalpies obtained by thermodynamic
modeling, which is described in the subsequent sec-
tion.

Thermodynamic Modeling

The enthalpy of mixing values of [84Wat], listed in
Table 5, were fitted to a polynomial of the form:

H(L) = XSc(1 - Xsc) (A + BXSc + CX2s0) (Eq 1)
The resulting equation is:
H(L) = XSc(1 - XSc) (-105 142 + 11 710 Xsc

+ 6903 Xsc)2 J/mol (Eq2)

Equation 2 was then combined with the terminal
eutectic data from Fig. 1 (13 at.% Sc, 865 °C and 71
at.% Sc, 875 °C), as well as the elemental lattice
stability parameters listed in Table 7, to derive the fol-

lowing expression for the excess entropy of the liquid
phase:

S%(L) = Xsc(1 - Xs¢) (-51.79 + 10.891 Xse) J/mol
(Eq 3)

Equations 2 and 3 were utilized in conjunction with
the liquidus temperatures from Fig. 1 to derive Gibbs
energy of formation values for the phases Cu4Sc,
Cu2Sc, and CuSc. Table 7 shows the values of the vari-
ous parameters.

Liquidus boundaries evaluated from the expressions in
Table 7 do not show overall agreement with experi-
mental data in the region 20 to 71 at.% Sc. This is not
surprising, considering the approximate nature of the
Cu-Sc phase diagram. Moreover, the experimental en-
thalpy of mixing data of [84Wat] are based on a limited
range of composition and show a large degree of scat-
ter, especially in the Cu-rich region. As such, the ex-
perimental phase boundaries, as shown in Fig. 1, are
preferred over the calculated phase boundaries. There
is a lack of experimental data for the L/L + CugSc,
Cu2Sc + L/L, and the L/L + Sc phase boundaries.
These boundaries were, therefore, estimated from the
thermodynamic functions listed in Table 7.

The enthalpy data from the present modeling are com-
pared in Table 6 with the experimental results of
[84Wat], as well as with the values calculated with the
semi-empirical model of Miedema [80Mie, 83Nie]. As
seen in Table 6, the present calculations are in excel-
lent agreement with the experimental data of [84Wat]
for CugSc and CuSc. The poor agreement for CugSc is
primarily due to the lack of experimental data in the
vicinity of Cu2Sc. In all instances, the Miedema es-
timates are more exothermic than the data of [84Wat],

as well as the data from the present thermodynamic
analysis.
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Table 6 Experimental and Calculated Enthalpy of Formation Values for Cu-Sc Intermediate Phases

Enthalpy of formation, kJ/mol

Calculated
Phase Experimental(a) Present modeling Miedema model(b)
CULSC ittt -14.0 -13.6 -22.1
CUgSC oot -174 -84 -33.3
CuSe.... -20.9 -20.8 -35.6

Note: Standard states are pure solid Cu and pure solid aSc.
(a) From [84Wat]. (b) From [80Mie] and [83Nie].

Table7 Cu-Sc Thermodynamic Properties

Lattice stability parameters for Cu(a)
GY%Cuy,L)=0
GY%Cu, fec) =-13054 + 9.613 T

Lattice stability parameters for Sc(b)
G%Sc,Ly=0

G%Sc, bee) =-14 100 + 7.772 T
G%Sc, cph) =-18110 + 10.263 T

Integral molar Gibbs energies(c)

GL) = X(1-X)[(-105 142 + 11 710 X + 6903 X2)
- T(-51.79 + 10.891 X)]

AiG(CuySc) = -27676 + 13.16 T

ArG(CuzSc) =-23183 + 6.09T

AG(CuSc) = -36 340 + 14.40 T

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

(a) From [Hultgren E]. (b) From [83Cha]; melting and trans-
formation temperatures are from [78Bea] and [86Gscl]. (c)
From the present modeling.

Cited References

61Dom: R.F. Domagala, J.J. Rausch, and G.W Levinson, “The
Systems Y-Fe, Y-Ni, and Y-Cu,” Trans. ASM, 63, 137-1565
{1961). (Equi Diagram, Crys Structure; Experimental)

62Ald: AT Aldred, “Intermediate Phases Involving Scan-
dium,” Trans. AIME, 224, 1082-1083 (1962). (Crys Struc-
ture; Experimental)

64Gla: E.I. Gladyshevskii, PI. Kripyakevich, Yu.B. Kuz'ma,
and V.S. Protasov, “Binary Compounds of Scandium with
Transition Metals and Beryllium,” Voprosy Teorii i
Primeneniya Redkozemel'nykh Metallov, E.M. Savitskii
and VF. Terekhova, Ed., Nauka, Moscow, 153-154 (1964) in
Russian; TR: Problems of the Theory and Applications of
Rare Earth Metals, Science Publishing House, Moscow, 199-
200(1965). (Crys Structure; Experimental)

67Dwi: AE. Dwight, JW Downey, and R.A. Conner, Jr,
“Some C11,-Type Compounds of S¢, Y, and the Lanthanides
with Cu, Ag, and Au,” Acta Crystallogr, 22, 745-747 (1967).
(Crys Structure; Experimental)

*708av: E.M. Savitskii, VF. Terekhova, R.S. Torchinova, L A.
Markova, O.P Naumkin, VE. Kolesnichenko, and VF.
Stroganova, “Studies on Physical and Chemical Properties

of Rare Earth Alloys,” Les Elements des Terres Rares, Vol. 1,
Centre National de la Recherche Scientifique, Paris, 47-60
(1970) in French. (Equi Diagram; Experimental; #)

70Zak: M.V. Zakharov, A M. Zakharov, O.P. Poppov, and N.E.
Dashevskaya, Izv. VU.Z. Tsvetn Metall.,4,117-121(1970)in
Russian. (Equi Diagram; Experimental)

74Mar: L.F. Martynova, VI. Chechernikov, and VI. Nedel’ko,
“Knight Shift in Certain Scandium Compounds,” Fiz, Met,
Metalloved., 37(3), 633-635 (1974) in Russian; TR: Phys.
Met, Metallogr., 37(3), 169-170 (1974). (Crys Structure; Ex-
perimental)

77Sie: D. Siepler, B. Bremicker, V. Goebel, H. Happel, H.F.
Hoenig, and B. Perrin, “Intermetallic Compounds with
CsCl Structure,” J. Phys. F, 7(4), 599-611 (1977). (Crys
Structure; Experimental)

78Bea: B.J. Beaudry and K.A. Gschneidner, Jr., “Preparation
and Basic Properties of the Rare-Earth Metals,” in Hand-
book on the Physics and Chemistry of Rare Earths, Vol. 1-
Metals, K.A. Gschneidner, Jr. and L. Eyring, Ed., North-
Holland Physics Publishing Co., Amsterdam, 173-232
(1978). (Equi Diagram; Compilation)

*78Mar: VY. Markiv, I.S. Gavrilenko, VV. Pet’kov, and N.N.
Belyavina, “Phase Diagrams of the Systems Sc - (Co, Ni,
Cu),” Akad. Nauk Ukr. SSR, Metallofiz., 73, 39-45(1978)in
Russian. (Equi Diagram; Experimental; #)

80Mie: AR. Miedema, PF. de Chatel, and FR. de Boer,
“Cohesion in Alloys - Fundamentals of a Semi-Empirical
Method,” Physica B, 100, 1-28 (1980). { Thermo; Theory)

81Cha: D.J. Chakrabarti and D.E. Laughlin, “The Copper-
Yttrium System,” Bull. Alloy Phase Diagrams, 2(3), 315-
319(1981). (Equi Diagram, Crys Structure; Review)

82Fra: E. Franceschi, “On the Dy-Cu System,” J. Less-Com-
mon Met., 87, 249-256 (1982). (Equi Diagram, Crys Struc-
ture; Experimental)

83Car: M.M. Carnasciali, S. Cirafici, and E. Franceschi, “On
the Gd-Cu System,” J. Less-Common Met., 92, 143-147
(1983). (Equi Diagram, Crys Structure; Experimental)

83Cha: M.W. Chase, “Heats of Transition of the Elements,”
Bull, Alloy Phase Diagrams, 4(1), 123-124(1983). (Thermo;
Compilation)

83Nie: A K. Niessen, FR. de Boer, R. Boom, PF. de Chatel,
W.C.M. Mattens, and A.R. Miedema, “Model Predictions for
the Enthalpy of Formation of Transition Metal Alloys II,”
Calphad, 7(1),51-70(1983). (Thermo; Theory)

84Wat: S. Watanabe and O.J. Kleppa, “Thermochemistry of
Alloys of Transition Metals: Part IV. Alloys of Copper with
Scandium, Yttrium, Lanthanum, and Lutetium,” Metall.
Trans. B, 15, 357-368 (1984). (Equi Diagram, Thermo; Ex

Bulletin of Alloy Phase Diagrams Vol. 9 No.3a 1988 381



_ Cu-Sc

Cu-Sm
perimental) ner, Jr. and L. Eyring, Ed., North-Holland Physics Publish-
856Gse: K.A. Gschneidner, Jr., private communication ( 1985). ing Co., Amsterdam, 1-161 (1986). (Equi Diagram, Crys
(Equi Diagram; Review) Structure; Compilation)
86Gscl: K.A. Gschneidner, Jr. and FW. Calderwood, “Intra 86Gsc2: K. A Gschneidner, Jr, private communication
Rare Earth Binary Alloys: Phase Relationships, Lattice (1986). (Crys Structure; Review)
Parameters and Systematics,” in Handbook on the Physics *Indicates key paper.
and Chemistry of Rare Earths, Vol.8, K.A. Gschneid- #Indicates presence of a phase diagram.

Cu-Sc evaluation contributed by PR. Subramanian, Materials Science Division, Universal Energy Systems, Incorporated, 4401 Dayton-Xenia
Road, Dayton, OH 45435, D.E. Laughlin, Department of Metallurgical Engineering and Materials Science, Carnegie Mellon University, Pit-
tsburgh, PA 15213, and D.J. Chakrabarti, Alloy Technology Division, Alcoa Technical Center, Alcoa Center, PA 15069.. Work was supported by
ASMINTERNATIONAL and the Department of Energy through the Joint Program on Critical Compilation of Physical and Chemical Data coor-
dinated through the Office of Standard Reference Data, National Bureau of Standards. The authors wish to thank Dr. K.A. Gschneidner, Jr., Direc-
tor, and FW. Calderwood, Rare-earth Information Center, Ames Laboratory, Iowa State University, Ames, IA, for providing part of the bibliog-
raphic search and the computer program for the critical evaluation of crystallographic data. Literature searched through 1985. Professor
Laughlin is the ASM/NBS Data Program Category Editor for binary copper alloys.



Weight Percent Scandium

Cu-Sc

O
o
o~
o
8_.01""ij|1|11 =
L | L —— [
~— 'f_‘ H —& -1—1
AR | 1o C
- \ ] 12 r
o [T —_N ' : o~ L
> O S [
[ 2 X | cg o
[ 3 \ " S C o
; \ [ :
o_I AN N -
o1 \ o -
L ~ t\' L
L AN o)) i
L N ' L
— \ ] O
o f N, : @
~"F N | r
L ~ 1 L
= \\ ' -
[ ‘\\JH i
[ /?'b ro
o_[ 2 Zz\
© | / ] L
- ’ ' -
[ 1’ ' C
- / ] L
: ’ | [
- /7 ! o
o_f / [ D
Lol ¥} | [
/ 1 L
[ ’ [} L
3 ! ) L
i 9 ' P
[ Tel} ] +
- & - -3
o = ! ogny it
I \ ] |
[ \ i
i \ U' L
\ ol
[ N (=1} L
. — \ ! g
[ AN @®, o
o f S, o [~
™} "-.'Q [
- O 4”0‘) o
. (-] Ld |2 L
L (=4 J L
+ gf--- :- 3 L
d Seee o8Ny o
[ / o
o l":z !
N ! i [
L 9' l“lg :
[ 0! Ko r
— C‘" 1 _8
[ > os'n) g
s \ : i
o_f AN [
— \ -
-7t Y L :
[ 21 L
[ R ~ o
[ O R 5 F
I I~ ’ 10! -
Q <! hryd -
'* 7 m.‘q F
@ 4 .O i
[ 2' LZ [
(] LI B B N B B B B O B B B B e e 3 lrlul‘ll"n'-r.I'-1-|Tr-.1-Tiv-1_|-r-1|-1-l ™™ 1T T (-]
I ] I l T ]l Trr T IIITIIIIITTIII LR L I I
o o o [e] [} o o o o
o o o Q [a) (=] o o
© - o o s8] © -+ o
i -~ -~ -

Do odnjeaaduwia],

ER. Subramanian, D.E. Laughlin, and D.J. Chakrabarti

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

Sc

Atomic Percent Scandium

Cu

425



"Cu-Sc

Temperature °C

— —_ ol —
S S S 3 3 8 S S
o o o = o o = o o
O_
P! 4 = (=}
e ] o
] 3 "R, 3
h ’
] c 19 N | =
= N~ =i Q
o] [=1LN -
] (AN
] |
] Cu,Sc | e ] o
] lmlN =)
i e -
20 ] AT ]
o] (W ]
] 2y ]
7 N'—-‘ +9@
] Cu,Sc b R N 1°
P - ]
r
: -
€2 ] 8"“\- Q »
= O S~
g 7] mlm \\ —g
) ] [ ~ ]
. ] \ \ t' ]
=] fg \
jm -~ 1 ' \\ ]
T 57 CuSc | [ 1.
1 1 1[4V ] =)
U ! Jen
2 ] ! 1 Q ]
o ] ' /
] ' !
S 8 L :
] [o2]
- ] ' III [©
] ] /
7)) : ' ’
?) ] [
£ = : /
o O: 4 2
o 4 3
[ § -
- TS
c ] ' S
5 ] A
~2 ] ~
o] | AN .
] | \\
] : . |0
4 H \\ o
] o N
- 'q N
] N \ h
© :0 \\\
] ' N
] —~ ! )N ~ 1o
] & ! AN
©_] ]
o] L H RN 7]
] ] N ]
] 2: : \ o]
0] ] \ b 1
ol | N
— ] _——m— e ——. ! A cg: —
o TrrrrrororvFET TYrrtrrrrr Trrrrrrorr Trrrrrrrry Tr1rr17 1 vTw TrTrrrrrrry Trrr1r7r1 lll LIS LI LI I Isi Tr O
O B =] T T T T T T AARE S
X
° :
PR. Subramanian, D.E. Laughlin and D.J. Chakrabarti §

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

WNIpuedg jUaddsd OIWO}Y



