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The assessed Cu-Ba equilibrium diagram in Fig. 1 has
been derived from the works of Braun and Meijering
[59Bra] and Bruzzone {71Bru]. Cu and Ba are virtually
insoluble in one another in the selid state, but are solu-
ble in all proportions in the liquid. Twe intermediate
phases of steichiometry, Cu;sBa and CuBa, are formed
in this system, one of which (CuBa) undergoes congruent
melting. A peritectic and two eutectic transformations
are associated with these phases. The crystal structure of
Cuy3Ba is isotypic with NaZn,,, whereas CuBa is the
prototype of a new structure. No reports of thermody-
namic properties of Cu-Ba alloys are available.

Equilibrium Diagram

The equilibrium phases listed in Table 1 in the Cu-Ba
system are: (1) the liquid, miscible in all proportions and

stable down to 458 °C at 79.4 at.% Ba; (2) (Cu), the fec
solid solution based on. Cu, with negligible solubility of
Ba; {3) {Ba), the bce solid solution based on Ba, with
negligible solublllty of Cu; (4) CuypBa, the fee mtermedl-
ate phase that di ly via'a

transformation at 670 °C; and (5) CuBa, the hexagonal
intermediate phase that undergoes congruent melting at

~570.°C

The lower temperature limits of stability of CuygBa and
CuBa have not been determined experimentaily.

Ba is extremely reactive in air, and Ba-Cu alloys behave
likewise. Thus, a contamination problem always exists
with these alloys, particularly in the liquid. Both Braun
and Meijering [59Bral and Bruzzene {71Bru] prepared
the alloys under argon atmosphere. Melting was carried
out in Al0; crucibles by {59Bral, whereas [71Bru] used
Fe crucibles for ailoys above 60 at.% Ba and Mo crucibles
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Fig. 1. Assessed Cu-Ba Phase Diagram
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©.J. Chakrabarti and D. E. Laughlin, 1984.

Table 1 Cu-Ba Crystal Structure and Lattice Parameter Data

. Approximate N
Peaison . Bpace . Lattice paramoters, nin
symbol group Prototype - . e Reference
o4 Fm3m Cu 0.86147(b) (Landolt-Bérnstein}
Fiiz Fmac. NaZnes 1178 X0 [71Bra]
hPB Péy/mme, BaCu 99(c) 1.625 {80For] . ,
oIz Tmsm, W osiis e B {56Hir]
P2 Péi/mme Mg 0.2901(e) 06155 {63Bar]
{c) On single crystals. { Onalﬂmsnmﬂlofﬂlwt.%wmyltﬁ'c Structure is

(a)Fromn the phase diogram. ' (b) At 18 °C, on elemental Cu.
reported to be stable.down to 5 K, having the lattics parameter 0,

(d)
5000 om; the same at RT is 0.501 nm [56Bar).

(e) At 62 kbar.

for Cu-rich compositions. The purity-of the Cu and Ba
used by [59Bra} was not specified, apart from the mention
of the use of OFHC Cu. The results of the spectrographic
analysis of samples with ~52 at.% Ba indicated a total
impurity content in the alloy in excess of 1 wt.% (0.5 Sr,
0.3 Ca, 0.08 Fe, 0.04 Si, 0.06 N, 0.05 Mg, 0.01 Pb, and
0.002 Mn, in wt.%), which is equivalent to ~3 at.%.
Thus, the purity of Ba used was perhaps betwéen 94 and
95 at.%. [71Bru] used Cu of 99.999% and commercial
grade Ba' of 99.7% purity [83Bru]. The melting pomt of

Both [59Bra] and [71Bru] used thermal analysis for
determining the liquidus and the temperature invariant
boundaries, and X-ray diffraction for determining the
crystal structure and the solubility limits of the phases.
The thermal analysis was conducted by both these investi-
gators during cooling. The melts, however, were stirred
only prior tg cooling.

[59Bra] used direct thermal analysis and a somewhat
higher cooling rate of about.7 °C/min, whereas {71Bru}
1 thermal analysis and a cooling rate of 2

* Ba (710 °Cyreported in {71Bru] is, however,
below the accepted value of 729 °C [81BAP] and presum-
ably resulted from impurity eﬂ‘ects Although some
pickup of during ion is also
likely, the punty of the starting matena}s was either
very low [59Bra) or not quite adequate [71Bru]. Thus,
even if the overall features of the reported phase diagram
are correct, the temperature and composition values of
the phase boundaries may need some revision.
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to 4 °C/min (on a 2g sample), wn;h a reported bempera-
ture 1°C.C were d by
chemical analysxs

Liquidus and Sotidus. [59Bra] extensively studied the
Cu-rich portion of the diagram up to ~50 at.% Ba.
{71Bru] extended the work across the entire diagram.
There is reasonable agreement between these works in
the overlapped region. However, the liquidus data of
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Table 2 Invariant and Congruent
Transformations in the Cu-Ba System

Provisional

Table 3 Thermodynamic Properties of Phases of
the Cu-Ba System(a)

Compositions(a), Toturer
ons(a), ture,
Reaction [ st%Ba ey M Type
L+{Cuw=CuyBa.. 368 ~0 714 670 Peritectic
Lz Cuy,Ba + CuBa.. 45 7.14 50 550 . Butectic
50 50 ~570. Congruent
50 ~100 458  Butectic

(a)Compositiona or the hases are given i the order they appear in

[(59Bra] are generully lower -and show greater scatter,

ly in. consequence of the higher rate of cooling
used in this work. The accepted liquidus, therefore, has
been based primarily on the data of {7lBru] and has been
drawn by’ a smooth-curve that joins with. the melting
point of Cu at 1084.87 °C, according to [S1BAP] (see Flg
1). The Jimiting slope of the resultant liquidus (AT/X k)
at Cu, approximately ~11.7 °C/at.% Ba, agrees with the
value of the theoretical mnxxmum hmmng slope of

x..mce stability parameters of Cu and Ba [Hultgren]
Gs
0
"G‘c"' = ~13054 +9613T
"G"" ~77488 +.7.732T
Gibbs energy vuluex from modeled parameters

X(l — XM~ 439785 -~ 2286X + 42:86T)

+RTX X +{(1-X)In{l ~X)]
where X' is atomic fraction of Ba.
Note: Mohl for Cu,yBa and CuBa refer to the respective atoms as elemen-
tary-ent]
{a} Frvm lhl phase diagram. All variables are expressed in J/mol and
J/mot-K.

and eutectic transformations, respectively. The corre-
ding values reported by [71Bru] were 670 and 550

=11.74 "C/at.% solute,
zero solute solubility i in Cu. The calculatxon has used the
enthalpy of fusion and the melting point of Cu and has
been based on the assumption that Raoult’s law is satis-
fied by Cu in the liquid. The absence of any measurable
difference in the lattice parameter values between pure
Cu_and the {Cu) phage in the Cu-Ba alloys, combined
with the observation of two-phase fields in the 0.1 wt.%
Ba-Cu alloy as observed metallographically by (59Bral,
indicate that Ba has very little solid soluhlhtly in Cu

(. In addition, he determined a third temperature inva-
riant at 458 °C, corresponding to a eutectic transforma-
tion. The thermal arrest data of (59Bra) at 675 °C showed
a seatter of nearly +15 °C, that may be related to the
inherent difficulty in attammg equilibrium in a peritec.
tic reaction. This was aggravated further by the faster
rate of cooling during the thermal analysis of these
alloys. By contrast, the data by the same authors showed
little scatter at 550 °C, presumably because of the

ease in i equilibrium ‘in a eutectic

Thus, the initial slope of the liquidus at Cu is

with the tal - phase
diagram. Above ~40 &t.% Ba, the liquidus has. been
drawn based on the only available results due to [71Brul,
except near pure Ba, where it is modified to contect to

reaction. Considering that nelther of the authors utilized
stirring of the liquid during cooling to facilitate equili-
bration, the extent of scatter in the primary arrest
for the penbectlc reaction does not appear too high.

the accepted meltmg point of Ba at 729 °C,

the compilations in [BIBAPL.
Although expenmsntxl data are nat avallab]a olose to
pure Ba, the | drawn by of data

points from the nondilute regions has ‘been used. to esti-
mate the initial slope of the liquidus at Ba, which is
found to be approximately —10.6 °C/at;% Cu. Using the
Van’t Hoff relation, the oorrespondmg mmal slape

The fi ted in this evalu-
ation are 670 °C for the peritéctic from {71Brul, 550 °C
for the eutectic according to both [59Bral and [7Bru),
and 458 °C for the eutectic from (71Bru}. The composi-
tmns for the eutectic points at 45 and 79 at.% Ba, as
given by [71Brul, are, at best, approximate, because no
thermal am:lysxs exlfts for alloys of these oomposmons,

(AT/X%,) of the solidus (calculated-from th
fusion arid: the meiting point of Ba, assummg Rxoults
law has been satisfied by the solvent in both the liquid
and the solid (Ba) phase) has been found to be —500
°Clat.% Cu. This indicates very little solid solubility of
Cu in Ba, a conclusion that is consistent with the
suggested lack of any solid solubility field in (Ba), aecord-
ing to [71Bru). Thus, the estimated limiting slope of the
liquidus at Ba is thermodynamically consistent with the
absence of any significant solubility of Cu in (Ba). (The
liquidus, as drawn by {71Bru} and connected to Ba at 710
°C, would have required an observable solubility of Cu in
(Ba).)
From the occurrence of primary thermal arrests, three
lines
have been ldermﬁed in this system (see Table 2).
,‘because were done during
ooohng, undercoohng effects are posslb{e, 30 that the
be

actual may
higher. [59Bra) identified the two temperatire invari-
ants at 675 and 550 °C, corresponding to the peritectic

and- no. work was rted near these
at The same d in this

luation from the th d: iables in Table 3
{see Thermod; ics section and Table 4), have been

lynami
found to be 45.0 and 79.4 at.% Ba, respectively. These are
close to the values given by (71Bru} and have been
accepted. The composition of the liquidus at 670 °C has
been accepted at 36.8 at.% Ba, on the basis of the ther-
mal arrest data of (71Brul.

Phases. An i diate phase of

tion near Cu,,Ba was identified by [598ra], ﬁ'om the
arrest tlmes in the thermal ana!ysls of the hq\nd and
from the of the ch

the density of the phase that was isolated from the bulk
by preferential dissolution in water. X-ray investigation
by the authors on specimens with less than 49 at.% Ba
confirmed the structure to correspond to the stoichiome-
try Cuy3Ba, whereas the invariance of the lattice param-
eter. suggested the absence of any measurable phase
field. Thus,” Cu,3Ba is-an intermediate phase with
limited solubility and is formed peritectically from the
liquid of 36.8 at.% Ba and the (Cu) phase at 670 °C.
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Table 4 Experimental vs Calculated Liquidus for the Cu-Ba System
Experimental liquidus
C at.% Ba

Calculatod liquidus (his workl
Temperatureth)

Reference(a)

L{L + (Cu) boundary L/L # (Cw) boundary

{81BAF]

(71Brul(d)

{71Bru]
[59Bra]

(71Bru}

{69Bra]
[71Bru}

{71Bru]

(71Bru)

[81BAP]
{71Bru]
[71Bre)
85.1

[71Bru] en
818
79.37

by a (b) These
ulcul-wl mnpmtum have beon deummed using the analytic expressions in Eq 1.0 4, using e experu'nenhl compasitions given in column 2. ofum
table. . (c) These been using the varisbles given in Table 3, at the temperatures gi
calumn 1 of this table. o) Datum deviates fom the sccepted Fiquidin value,

e
(d) Dats from {71Bruj are given-as transcribed fmm the author's figure.

{71Bru} confirmed the occurrence of the CuysBa phase
and indicated the occurrence of yet another nearly stoi-
chiometric phase below 570 °C, postulated earlier by
[59Bral, havmg vhe oomposltwn CuBa. This was based
on thermal d by X-ray deter-
mination studies,

The temperature of the congruent melting of CuBa at
570 °C, according to (71Bru), is tentative, because it was
based on interpolation from nearby data, and ho meas-
urement exists at this composition. The experimental
liquidus and solidus data, as transcribed from the figures
of [71Bru)-and {59Bra} and on which the assessed Cu-Ba
equilibrium diagram-in Fig. 1 has been based, is pre-

sented in Table 4. Tabulated thermal analysis results of
[7lBru] are presented in Table 5 (see [83Bru})

A . . "

a8
of the liquidus (temperature) have been obtained by
least-square
ranges. These are sl :wn m Eq 1 bo 4 helow The ﬁt
between the d ‘and the

within %2 °C in most of the ranges, as can be seen in Flg
2 and in Table 4.

0'to 36.8 at.% Ba:

T = 1084.87 - 1016.3X + 1018X% —3592X* (Eq D)
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Flg. 2 *Calculated vs Experimental Phase Diagram for the Cu-Ba System
Weight Percent Barium
I S N . SR ; L] L} L
o) - prv—
l10e4.87% (from Fg. 1)
U 4 Cucultion - eq. 7
X .Calculstion — eg. 8
1000 4+ Calculation — Table 3 b
o mEre
. ey
13}
¢
a00.
5 t e
2 A
g on® e
: N
600
K] 360% &
“
ssePc
oA
wl . F
&
8 8
(Ba)—
10 20 30 40 20 60 80 80 100
cu Atomic Percent . Barium Ba
) D.J. Chakeabarti and D. . Laughiin, 1984.
Table 5 Thermal Analysis Results of Cu-Ba Alloys
Specimen Melting.
camposition, ar 1
2t.% Ba - - c (Cu)/Cu,;Ba/L Cu,Ba/L/CuBa CuBa/L/(Ba)
670
662
470
458
463
458
456
. 458

From data of [83Bru, 71Brul.

36.8 to 45 at.% Ba:

T =984.4 ~5345X ~ 3130X? + 11910X°
= 15626X*

45 to 79.4 at.% Ba:

T = —755.9 + 6054X — 8704X> + 3785X*

79.4 to 100 at.% Ba:

T = 726.0 — 1297(1 — X) + 1978(1 - X)*
- 9961(1 - X)*

(Eq 2)

(Eq 3)

{Eq 4

Metastable Phases

‘There is no report of any metastable phase in this
system.

568

Crystal Structures and Lattice Parameters

The crystal structures and the accepted lattice parame-
ters of Cu, Ba, and the intermediate phases Cu;zBa and
CuBa are presented in Table 1.

The crystal structure of Cu,;;Ba was determined by
Braun -and Meijering [59Bra} from powder and rotation
X-ray photographs of the phase. isolated from the bulk.
The structure was identified to be isotypic with the
NaZn,y phase, and the corresponding lattice parameter
was found to be 1.1719 nm. Bruzzone [(71Bru] further
refined the lattice parameter value (see Table 1) using
single crystal samples grown from 16 to 26 at.% Ba alloy
by cooling from the melt and preserving under an inert
atmosphere,
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(71Bru] also studied the single crystals of CuBa using
rotation and Wei k X-ray ph hs. The space
group was identified from the Laue symmetry and
extinctions to be P6y/mme, and. the calcilated lattice
parameter values based on hexagonal symmetry were
given as a = 0.4495 + 0.0003 nm and ¢ = 1.620 * 0.0003
nm. The crystal structure of CuBa was solved by Forna-
sini and Merlo {80For], using single crystals of the stoi-
chiometric phase made from 99.5 wt.% Ba and 99.999
wt.% Cu. The X-ray analysis was carried out by Laue,
Wei \; and p i hods. The lattice pai

ter values presented in Table 1 have been obtained from
rotation patterns. CuBa has been found to have hexagonal
symmetry, with slabs of trigonal prisms of Ba (with Cu
atoms in their center) stacked in a close-packed manner
along [001]. The weak Ba-Ba bonds between the adjacent
slabs make CuBa behave as a layered phase.

The bee structure of Ba was found to be stable down to 5
K [§6Bar}. It d pi fi i
under pressure [63Bar] above 53.3 kbar [66Jef].

Thermodynamics

Ne. thermod ic data are on Cu-Ba alloys.
Because the Cu-Ba phase diagram is reasonably well
established, the equilibrium boundaries between the
coexisting phases can be utilized to derive expressions for
the thermodynamic variables of the different phases. The
variables, in turn, can be used to reproduce the phase
boundaries as a check for self-consistency and also to
calculate the critical points in the system for which no
experimental data may be available. Both of these
aspects have been attempted in this evaluation in accord-
ance with-the-following approach,

Because both the (Cu) and the (Ba) phases display virtu-
ally zero solubility, they have been assumed to be line
phases, and the representation of their molar free energies
has been obtained from:the respective lattice stability
parameter va‘lues for th,e solid/liquid transitions as given

in{ The i relative to pure
liquid Cu and pure liquid Ba as standard states (used
h hout the cal i d in Table 3.

The liquidus boandaries between 1084.87 and 670 °C and
between 729 and 458 °C have been utilized to estimate
the integral molar excess free energy expressions for the
liquid. The latter has been exp d as a pol ial

Ba-Cu
diagram. The number of the af and &° terms was limited
toa i in these tati as.a ise be-
tween the ducibility of the calculated di that
: - 11 3 1

p with their the simplici
of the model. The resultant expression for the FAG™ is
as follows: :

EAGE = X(1 - X)(~43979 - 2286X

+ 42.86T)  (J/mol) (Eq 6)
The maximum value of AH according to Eq 2, corre-
sponding to X = 0.51, is —11282 J/mol, and the corre-
sponding AG value estimated at 1000 K is —6 332 J/mol.

From a knowledge of the molar free energy of the liquid,
the molar free energy of the Cu;gBa phase, expressed in
the form (A + BT), has been estimated hy- ¢onsidering
equilibrium of the compound: with the liquid at two
temperatures, namely 670 and 550 °C, corresponding to
the liquid compositions of 36.8 and 45 at.% Ba, respec-
tively. In a similar manner, the molar {ree energy of
CuBa has been estimated from the liquid at 570 (congru-
ent point) and 458 °C (eutectic point), ‘corresponding to
the liquid compositions of 50 and 79 -at.% Ba, respec-
tively. The results for both phases are presented in Table
3.

The liquidus (composition), calculated at selected temper-
atures based on these derived expressions above and the
lattice stability parameters for Cu and Ba, is shown in
Fig. 2 and is tabulated in Table 4 for quantitative

with the { liquidus. The agree-
ment_bet the liquidus results app to be
excellent.
I ingly, the calculated liquid isting with
CuBa originally showed a di with the liqui-
dus data of [71Bru), being displaced above the latter,
which indi d a possible und ling effect. However,

recent data from [83Bru] showed close agreement with
the calculated liquidus (see Fig. 2 and Table 5), lending
credence to the calculations made in this evaluation and
to the modeling parameters derived for the different
phases.
Figure 2 also shows the caleulated (liquidus) data corre-
ding to two al pressions for the molar free
energy of CuBa, In the one instance, the AGPB ‘wag
derived from the least-squares fit of liquidus data at four

with composition in the following form:
N

BAGE = X(1 - X) el - XV =T b5 XY (Eq5)
it

where a¥ and b7 are, respectively, the coefficients for
the enthalpy (AH/X (1 — X)) and entropy (FAS/X(1 — X))
functions of the liquid, and X is the atomic fraction of Ba.
Both coefficients have been assumed to be independent of

The simul linear i set up
from the equiilibrium relations between the liquid and the
solid phases at several temperatures have been solved by
the dard multiple least-sq gression analysis
Gauss-Jordan reduction algorithm) to derive the values of
the coefficients, @’ and b7. In the present instance, use
of 16 data points, eight on each side of the liquidus, and
& combination of two coefficients of ¥ and one of b°, was
found sufficient to represent the thermodynamic expres-
sion for-the liquid that satisfactorily reproduces the phase

es (570, 550, 520, and 458 °C), as shown in Eq
7. In the other instance, the data at 550 and 458 °C were

used to derive the AG®*", asin Eq 8.
AGOB = ~30820 + 2847T (J/mol) {Eq D
AG®Ps = ~33300 + 31.68T d/mol) (Eq 8

The liquidus ¢alculated from both Eq 7 and 8 is displaced
below the i 1 liquidus ding: to [83Bru),
but this is not possible because the latter was determined
by cooling. Therefore, the AGOuEa i d
in Table 3 is the most
phase diagram.

The mutual stability of Cu;3Ba and CuBa, with respect
to the (Cu) and (Ba) phases at lower temperatures, has
been examined by considering the relative changes with
temperature of the molar free energy of the four phases,
The hypothetical decomposition . temperatures . for
Cu,sBa and ‘CuBa occurred (in the metastable range)

with the i 1
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Ca-Cu

above their formation temperatures, i.e., at 1014 and 775

*C, respechvely. ‘Thus, these pham are stable at all
below their £ p res.
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