The Cr-Cu (Chromium-Copper) System
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Equilibrium Diagram

The equilibrium diagram for the Cu-Cr systein is of the
eutectic type w1th a flat liquidus and complete miscibility

in the liquid sﬁate see Fig. 1. In contrast, the diagram pro-.

posed hitherto sho“s a miscibility gap in'the liquid that is
based on antiquated and debatable experimental evi-
dence. The solid solution fields have restricted width. A
metastable phase based on fec Cr is most likely present.
Calculations made in this review based on the experimen-
tal phase diagram and thermodynamic results confirm
that the miscibility gap in the liguid lies immediately be-
low the equilibrium liquidus and not above it.

The experimentally determined phase diagram of the
Cu-Cr system has been at marked variance at the liquidus
with the calculated one (based on thermodynamic model-
ing of the phase diagram data {77Kuz)) and with the
measured (thermodynamic) activity results {82Tim]. A re-
gion of liquid immiscibility was suggested to exist in this
system, The obscrvation was based on experiments con-
ducted more than sixty years ago that relied on materials

of low purity {08Hin, 23Sie]. Calculations by [77Kug],
based on the quasiregular solution model using the ex-
perimental liguidus and (Cr) solidus data at lower temper-
atures, indicated the absence of such a miscibility gap and
suggested, instead, a eutectic type of disgram. Also, the
activity measurements of the liquid by [89Tim] indicated
that a two-phase field existed between the liquid and solid
Cr, and not between the two liquids. This was confirmed
by the authors by optical microscopy of the solidified
samples. No further investigations of this area of the
phase diagram using purer materials have been reported.
However, in view of the strong influence of impurities on
phase stability (see below), it is highly possible that the
miscibility gap observed by [08Hinl and [23Sie) was
partly, if not completely, stabilized by impurities. The pro-
visionally accepted diagram, presented in Fig. .1, there-
fore, is shown io be of the eutectic type with a nearly flat
liguidus in the midcomposition range. Further experimen-
tal work is needed to verify this interpretation,

The equilibrium phases in the system are: (1) the liquid,
L:(2) the fes sulid solution, (Cw), with maximum solubility
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Cr-Cu Provisional
Fig. 1 Asscssed Cu-Cr Phase Diagram with Selected Experimental Data
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of approximately 0.89 at.% Cr at 1077 °C; and (3) the bee
salid solution, {(Cr), with negligible solubility of Cu below
the eutectic temperature (1077 °C).

Liquidus and Solidus

Experimental data for the liquidus are available only for
Cu-rich compositions. The boundaries of the liguidus in
equilibrium with the (Cu) solid solution are cbtained pri-
marily from the works of [57Doill. The alloys were vac-
wum melted from high-purity Cu(39.99%) and electrolytic
Cr (99% purity) and studied by thermal analysis. The tem-
perature data taken from [57Doil] are corrected slightly
in this evaluation to conform to the accepted melting point
values of Cu and Ag of 1084.87 and 961.93 °C, respectively
[81BAP]. The author had used the values 1083 and 960.5
°C, respectively, for the standardization of the thermo-
couple. Thus, the corrected eutectic temperature comes to
1077 °C. A plot of the Cu-rich liquidus and the eutectic.in-
variant based on the data of {57Doil), together with the
data from thermal analysis by [23Sie} and [08Hin], are
shown in Fig. 2.

The Cu-rich portion of the liquidus in equilibrium with
the (Cr) solid solution was determined by thermal analy-
sis [23Sie] and by partial solute dissolution techniques
[77Kuz). The latter method was based on the isothermal
equilibration of the liquid alloy and the partially dissolved
Cr metal in a known charge of Cr and Cu. The composition
of the liquidus was determined from the amount of
undissolved €Cr remammg in the (rapldly) solidified .
sample by its selective di The results indicated a
liquidus richer in Cu than that obtamed by [23Sie} (see
Fig. 1 and 3).

Based on microscopy, [06Gui] inferred that Cu and Cr do
not mix in the liquid, without specifying the composition

!
range of immiscibility or the purity of the materials used.
The existence of a miscibility gap in the liquid state was
reported by [08Hin] and (23Sie] on the basis of thermal,
and microscopic work. The thermal arrest noted between
1464 and 1473 °C (Table 1) was thought to bedue to the
monotectic invariant temperature. The only available in-
formation on the composition range of the gap has been
due to {23Sie], who estimated it to lie between 42 and 94
at.% Cr at 1467 °C (Fig. 3). The purity of the metals was
very low in both the above works. The Cr used by {23Sie}
was of 97.8 wt.% purity, whereas that by [08Hin] con-
tained 1.2 wt.% Fe and 0.3 wt.% Si. The alloys of {08Hin]
were also contaminated by Cr nitride, carbide, and other
reaction products during melting: The effect of contamina-
tion in the Cr used by [08Hin] is evident by the large de-
crease in its melting point to 1550 °C, as compared to the
accepted value of 1860 °C [81BAP].

It is well known that impurities often significantly affect
the phase stability in alloys. This has been shown in the
Cu-Nb system {78Ver, 82Cha], which is- very similar to
the Cu-Cr diagram at high temperatures. The Cu-Nb
equilibrium diagram displays complete miscibility in the
liquid state. However, a miscibilily gap in the liguid can
arise in this system, either by rapid cooling or by contami-
nation with impurities, such as oxygen {78Ver]. In the
former instance, the gap is in metastable equilibrium,
whereas in the latter it is stabilized by the presence of the
impurities.

In"the- Cu-Cr system the liquidus is ﬂat in the mid-
composition range, similar to that in the Cu-Nb system
{82Cha], suggestizng that 2 metastable miscibility gap is
present below the liquidus. Tn the presence of certain im-
purities, itis possible that the miscibility gapis stabilized
The activity determinations on the liguid based on high-
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Fig. 2 Cu-Rich Liguidus and Solidus with Selected Experimental Data
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Fig. 3 Calculated Liquidus and Miscibility Gap and Selected Experimental Phase Boundaries Super-
imposed on Assessed Diagram (Fig. 1)
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purity components (99.90¢ wit.% Cu and 99.998 wt.% Cr)
by {82Tim] indicated & gradual monotonic increase of the
liquidus up to their highest measured temperature of
1616 °C. At 1550 °C, the activity of Cr, for all alloys be-
tween 42 and the highest Cr alloy used at 97 at.% Cr, was
found to be constant at approximately the value of one,
relative to the pure solid Cr as the standard state at that
temperature, The results suggested the existence of a two-
phase field between the liquid of composition 42 at.% Cr
and pure solid Cr (with negligible sclubility of Cu), and
not between two liquids as in.a miscibility gap. Micros-
copy on solidified samples showing the. occurrence of
nearly pure Cr grains supported this conclusion. Caleula-
tions made in this evaluation (see below) using the opti-
mized thermedynamic parameters for the liquid, derived
from the experimental activity results of [82Tim} and the
phase diagram results of {77Kuz], confirm that the misci-
bility gap in the liquid lies just below the flat portion:of
the equilibrium liquidus (Fig. 3).

The initial slope of the Jiguidus at the Cr end of the dia-
gram was calculated by the Clausius-Clapeyron equation
from the freezing point depression at 1% dilution level, as-
suming negligible solubility of Cu in Cr. The resultant
value is approximately —22.7 °C per at.% Cu. The ac-
cepted liquidus is drawn based on the data of [77Kuz] and
[82Tim]. The slope of the liquidus was made tc conform
with the foregoing limiting slope at the Cr end. A further
shift of the liquidus to higher temperatures, consistent
with the calculated curve in Fig. 3 is, however, possible.
Similar shifts were observed in the Cu-Nb system with
the use of components of increasing purity {78Ver]. Tabu-
lated temperature and composition data for the liquidus
and solidus from different works are presented in Table 1.
The corresponding data for the eutectic transformation
are presented in Table 2.

Apart from the eutectic invariant, the only other available
solidus data pertain to the (Cr) phase. The accepted com-
position (1.56 at.% Cr) and temperature (1077 °C) for the
eutectic are weighted in favor of those by [57Doil], in view
of the better purity materials used and the consistent re-
sults obtained. The monotectic temperature measured for
the impure alloys of compositions 44.9 and 64.7 at.% Cr in
the work of [23Sie] is 1467 °C (Fig. 3).

Solvi

Solid Solubitity of Cr in Cu. The solid solubility of Cr in
Cu was studied by several authors. Wide discrepancy is
present among these results, as shown in Fig. 4 and Table
3. In order to check the relative accuracy between these
results, the logarithm of solubility data was plotted
against 1/T as shown in Fig. 5. The solid solubility of Cu
in Cr is known to be negligibly small below the eutectic
temperature {Hansen]. Also the solid solubility of Cr in Cu
is' observed to be less than 1 at.%. Thus, the equilibrium
solubility of Cr in the terminal solid solution based.on Cu,
X&, can be approximated by the equation {68Gor}:

In X§E” = EASEY/R ~ AHS*/RT (Eg 1

where AHE® is the change in enthalpy when 1 mol of Cr
with the bcc structure dissolves in Cu to make a-dilute
solution, (Cu), with the fcc structure, and *ASE™ is the
relative partial molar excess entropy of Cr between the
(Cr) and (Cu) phases.

The disparity between the different results is reflected in
Fig. 5, where the data do not fit into a single straight line.

Teble 1

Provisional

Temperature and Composition
Depandence of Liouidus and. Solidus

Compasition, Tempurature, °C

Reference at.% Cr Liquidus Solidus
[08Hin} ... ..cnnnn 0.61 1077
1.22 1077
1075
1075
1074
1061
1063
1464 1108
1473 1045(7)
123Sie) ...ooennnnls * 1079 1076
1087 1677
1258 1076
1326 1078
1438 1077
1467 1076
1470 1075
[57Doil). 1084.6
1083.2
1081.9
10797
1078.2
1077.0
[77Kuz] 1150
1220
1250
1300
[77Kuzla). .. 18.1 1400
54.2 1500
79 1600
88 1700
94 1800
[82Tim)(@). ... ..... 23.0 1400
215 1450
42.0 1550

Note: Accepted results are shown in boldface type. All measurements were
done hy thermal analysis, except those by (77Kuz] done by the solute
dissolution method, and the ones by [82Tim] from activity measurements.

() Estimated from graph,

Table 2 Eutectic Temperature and Composition

o yort "
Reference C at% Cr method
[08Hin] . 0.61 Thermal analysis
[23Sie] .. .. 1076 1.83 Thermal analysis
(1075 to0 1078) (1422 !.o 2.48)
(30Cor]. . G 2(a) .
[39Ale] 1 Optical microscopy
{48Hib1) .. 1070 x2 1.62 Partially burnt
(1069 1072) structure
[57Doil}. 1.66 Thermal analysis
1672ak} . 1073 B3 Z 0.77 Optical micros-
copy and X-ray
lattice parameter
[ I 1075 Partial dissolution
of solute

Note: Accepted results are shown in boldface type.
(a) Extrapolated maximum solubility as estimated by [48Hibl}.

The agreement is, however, better at higher tempera-
tures, where equilibrium is more readily attained. The re-
sults of {30Cor} are decidedly off. Except for [57Doil), the
data for all other authors deviate from a liriear fit at lower
temperatures indicating a higher solubility value. This
arises due to the difficulty in achieving eguilibrium at
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Fig. 4~ (Cu) Solvus with Selected Experimental Data
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Table 3 Solid Solubility of Cr in Cu

Temperature Solubility, at.% Cr
c 1000/ T {30Cor] 139Ale] (48Hib1) {57Doill [67Zak] [75Dri)
1073 + 2 - 0.77
1069 to 1072 0.83 * 0.09 -
1066 0.74(a) -
1050 -
1045 0.5%a) -
1039 0.59(b) -
1030 - 0.56
1000 0.49
998 0.42(a)
970 0.42(6)
980 0.40
950
910 . 0.27
500
869 0.23(b)
858 0.23(2)
840 0.17
800 0.16
700 <0.12
600 . 0.09
500
400 - <0.02
Maximum solubility
at eutectic temperature: 1.03 0.74-0.92 0.89 0.77
(1070+2)  (10766)(¢) (10732
Material purity: 99.96% Cu 2 99.99% Cu  99.99% Cu
99.8% Cr 99% Cr 99.7% Cr
Experimental method: 2 i By, -Mi a), M py,  Microscopy, Microscopy,
chemical electrical electrical X-ray chemical
analysis  resistivitylh)  resistivity . lattice analysis
' parameter
Note: Accepted results are taken from 157Doill.
far Microscopy. b Elerrical resstivay, 1) Correeted temperature, seo text
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Solutility of Cr in Cu as a Funclion of
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Provisional

Solid Solubility of Cit.in Cr. The solid sclhuhility of Cu in
Cr is considered to be neetigibly small, but no experimen-
tal results are available for the solvus. The only available
results pertain to the solidus, and were given by {77Kuz}
at two temperatures based on lattice parameter measured
by X-ray diffraction. The solubility decreases from 0.16
at.% Cu at 1300 °C to 0.085:at.% Cu at 1150 °C. These re-
sults indicate a solidus with a retrograde solubility of Cu
in

Low-Temperature Phase Equitibria

A two-phase equilibrium consisting of the solid solutions
based on Cu and Cr-exists below the cutectic temperature
at all compositions outside the terminal solid solution
fields. No intermediate phase has been reported in this
system.

Metastable Phases

The Cu-rich (Cu} solid solution aloys are age-hardenable
with minimal sacrifice of the -electrical conductivity
{80Cor, 52Kod, 53Bun, 54Kosl. The precipitates formed
are-nearly pure Cr. They increase the recrystallization
temperature, refine the grain size, and.impreve the high-
temperature strength considerably [39Ale, 48Hibt,
57Doi2, 72Nagl. Electrical conductivity measurements
have been used to study the subtle changes during the ini-
tial stages of aging. The likelihood of G.P. zone formation
in these alloys was ruled out by [75Nag] in view of the ab-
sence of an initial increase in resistivity (p) at aging tem-
peratures (T,) below 400 °C. Instead, an abrupt initial
drop in p occurred, which was interpreted to represent the
rapid formation of Cr-rich clusters.

The interpretation of these results is not conclusive. Un-
less the interparticle distance of the G.P. zones is of the or-
der of itude of the mean free path of the conduction

lower temperatures. The material purity and the meas-
urement methods used by different authors are shown in
Table 3. The electrical resistivity method was found to be
more sensitive than the X-ray (lattice parameter), mi-
croscopy, or chemical analysis methods {71She). With
microscopy, a higher solubility conld be inferred due to the
difficulty in observing fine precipitates formed at lower
temperatures. Although the data of [57Doil]} do not extend
to temperatures as low as those of others, the good linear
fit of the results even at temperatures where the rest show
deviations, indicate a closer approach to equilibriura in
these alloys. The alloys were also made carefully by vac-
uum melting, using reasonably high-purity material, and
were studied by electrical resistivity and microscopy. Al-
though the material used by [75Dri) was even purer, the
results, as indicated by a very different slope and devia-
tions of data from a linear plot in Fig. 5, are not accepta-
ble. Therefore, the results of {57Doil} were used to draw
the terminal solubility limits of Cu in Fig. 4. These indi-
cate a much lower level of solubility of Cr in Cu at lower
temperatures than considered previously. The equation of
the extrapolated line in Fig. 5 from the data of [57Doil]} is:

XE” = 24840 exp(-114880/RT) (Eq2

where R is in J/mol-K. This equation can be used to calcu-
late the solubility values at (low) temperatures where ex-
perimental results are suspect due ta lack of equilibrinm.

64 Bulletin of Alloy Phase Diagrams VoL 5 No.1

eléctrons, an increase in p may not be apparent with the
formation of the zones. If the zones form far from cne an-
other, the initial resistivity could decrease because of the
decreasing amount of solute in the matrix. Thus, the re-
sults of [75Nag] do not preclude the formation of G.P.
zones.

At T, above 400 °C, [66Nisl, 735uz] observed a transient
increase in p, whose magnitude increased with increasing
annealing and decreasing solution temperature. The phe-
nomenon has been related to the reversion or dissolution
of clusters formed during aging [54Kos], and the results
have been analyzed in terms of the existence of possible
metastable phases and their corresponding solvi. [54Kos}
could hardly observe any reversion in samples aged at or
above 400 °C, while [69Suz]). could observe a significant
amount of reversion even after aging at 500 °C in & 0.26 %
Cr sample. [75Nag] reported the absence of a maximum
aging temperature above which reversion could not be ob-
served. From this they inferred the absence of any
metastable solvus and, hence, the absénce of any
metastable phase. |75Nag] employed long. aging times to
inerease the amount of precipitates formed. They also
studied the reversion process at short durations (5 s), 50 as
not te miss it in the resistivity drop due to the subsequent
precipitation reactions.

Long preaging time, however; can allow the formation of
the equilibrium phase and thus, the reversion phenomena

1984
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Table 4 Cu-Cr Crystal Structure and Laltice Parameter Data

Approximate
composition Pearson Space  Lattice parameter, nm
Phase range, at.% Cr symbol Prototype group a Comment Reference
[ 0t0 0.89 cF4 Cu Fm3m 0.36147 (a) {Landolt-Bsrnstein)
0.36177 ® [52Fal)
(€.l 99.8 to 100 o2 w Im3m 0:288498 © [62Jam]
+ 0.000001

(a) At18 °C, on elemental Cu having 0% Cr; indicated composition range of (Cu) corresponds to 1077 °C.
in water from 1600 °C; result as read out from the diagram given by {52Fall.

100, N: 3; unfiltered Cu radiation.

(b) On .97 at.% Cr-Cu sample quenched rapidly
(c) At 20 °C, on 99.94% pure Cr having impurities, in ppm— O: 500, Fe:

studied by [75Nag] could very well correspond to that for
the equilibrium phase. The observed reversion effect, in
that event, would be due to the capillarity effects [43Kon].
This would also explain the reversion observed during
“split aging” [66Nis2, 69Suz] and the gradual decrease in
reversion by repeating aging/reversion cycles [66Nis2].

To detect reversion of metastable phases, a short aging
time appears essential. This condition appears to have
been satisfied in the so-called “step-annealing” employed
by [75Nag), involving isothermal annealing in steps ‘of
progressively increasing temperature. Under such condi-
tions, two distinct precipitates were observed. The one
formed at low temperatures (110 to 260 °C) reverted prior
to the onset of the precipitation at the higher tempera-
tures (>350 °C). It is, thus, possible that the precipitates
formed at the lower temperatures in step-annealing corre-
spond to the metastable phase, in which case the maxima
abserved at about 350 °C by [75Nag] for a step-annealing
rate of 30 °C/15 min on the 0.28 at.% Cr sample would re-
fer to the metastable solvus temperature.

Regarding the morphology and structure of the initial
clusters formed, X-ray studies by {55Gru] and [60Wil]
showed (111) streaking on Laue patterns that suggested
the formation of thin plates of precipitates (coherent) on
the (111) matrix planes. A similar conclusion was reached
by [48Hib2]. No separate reflections were observed either
in X-ray or in selected area electron diffraction. Thus, the
Cr-rich clusters formed initially- are not only coherent
with the close-packed matrix planes, but appear also to
have fce structure [73Knil. This suggests the metastable
nature of the phase. On longer aging, bec reflections of Cr
do appear that indicate the formation of the equilibrium
precipitates.

In conclusion, the evidence used by [75Nag] to suggest the
absence of G.P. zones in the Cu-Cr system is not conclu-
sive. On the basis of available results, it rather appears
that a fec Cr-rich metastable phase may indeed form in
the initial stages of aging. However, more work is needed
to confirm this.

Crystal Structure and Lattice Parameters

The crystal structure and lattice parameter data for Cu
and Cr and for the solid solution based on Cu are presented
in Table 4. The composition for the selid solution pertains
to the supersaturated alloy rapidly {up to 29,000 °C/s)
quenched from the melt. The lattice parameter of (Cu)
increases linearly with Cr content.

The attice parameler for Cr was determined from reflec-
tions at sufficiently high angles (>80 for absorption cor-
rection to be negligible,

Thermodynamics

Earlier Calculations and Thermodynamic Measure-
ments. Regylar solution interaction parameters, denoted
by @ (alternatively, «RT) = *AG/X(1 — X), were deter-
mined by [77Kuz] from the equilibrium between the lig-
uidus and the (Cr) solidus, at 1150 to 1300 °C, and from
similar data for the liquid and (Cu) phase [57Doill. The
interaction parameters thus computed from the phase dia-
gram when applied to higher temperatures indicated that
the two-phase equilibria between the liquid and the (Cr)
phase persisted- over the entire composition range up to
pure Cr (Fig. 1). The resultant liquidus is nearly flat in
the middle but does not show.a miscibility gap. The inter-
action parameters for the liquid and the (Cr) phase, pres-
ented in Table 5 [77Kuz], vary with temperature indi-
cating a departure from the regular solution model in
both phases.

Thermodynamic activities of the liquid solution were de-
termined by [82Tim} by high-temperature mass
spectrometry between 6 and 97 at.% Cr in the tempéra-
ture range 1402 to 1616 °C. The results show constant ac-
tivity values for both Cr and Cu-above 42 at.% Cr at 1550
°C. The very large, positive deviation of the activities from
ideality for both indicate a strong tendency toward the for-
mation of a miscibility gap in the liquid: The computed ac-
tivity coefficients of Cr and Cu in the liquid phase at 1550
°C relative to pure liquid Cu and pure solid Cr as standard
states are presented in Table § (after [82Tim)).

Regular solution interaction parameters for the (Cu) solid
solution, Qc.y), was determined by [80Gac] from the excess
Gibbs energy of formation of 0.1 at.% Cr-Cu alloy by solid
Galvanic cell measurements, and from the equilibrium
solubility relations in the phase diagram (after [57Doil]).
The two results presented for 1300 and 1323 K, respec-
tively, in Table 5 show good agreement. The lattice
stability parameters from [70Kau] are also included in
Table 5.

of Thermod from the

Phase Diagram. From the hmmng slope of the solubility
line according te [57Doil]; as accepted in Fig. 5, the par-
tial molar enthalpy of Cr in the (Cu) solid solutien,
AHS in Eq 1 is determined to be 114.9 kJ/mol. Thé cor-
respondmg value for the partial molar entropy, “Si&,
from the intercept of the extrapolated solubility line at
X&9 = 108, is calculated to be 38.95 J/mol-K. The en-
thalpy and entropy of transformation of Cr from bee — fec,
as obtained from {70Kau] and assumed to be independent
of temperature, are 10.46 kJ/mol and —0.63 J/mal - K, re-
spectively. From the above results, the vahies for the cor-
responding differential heat.of solution (relative partial
molar enthalpy), AHW, and the differential entropy of
solution (relative partial' molar excess entropy), "AS'SY,
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Tablz 5 Thermodynamic Parameters of Different Phases
Farnmeter, o i Phuse
J/mol Liguid ©n (€
Tateraction parameter(f) ...........oouiiii s 88533 — 35.56 T'(a) 99998 — 34,10 T(a) 43400(b)
30645() 43000 * 13000(d)
20,000~ 7.0T(e)
81200 + 4400 Xc, 19860 - 7.0 T
—27.9T(f) —0.024(T — 1223)%(g}
RTIn yco. . 845RT(1 - XLP(h) .
RTIn yor .845RT( — X5 + 0.79

Relative partial molar enthalpy,
SHow

Molar free energy of fusion (m) -

(a) [77Kuz].
(d) [80Gac] at 1300 K from Calvanic measurcments.
101322 K. (h) {82Tim] at 1823 K.

(b) 180Gac] at 1323 K from the phase diagram.

{ji This evaluation; from solubility data.

104 4304
39.58 (3/mol-K)G)

~7740 + 8.0T —13054 + 9.627
—10460 — 0.63T 3556 — 0.84T
~18200 + 8377 —9.498 + 8797

7692 -+ 142.97T
+7.766 x 1073 7%
-8.3492 x 1057

—21.260T In T

7683 + 38844 T
+1.8933 X 107"
~6527TIn T

() This evaluation, from activity data of Cu in liquid at 1823 K by [82Tim].
(e} This evaluation, for 1118 to 1229 K.

{f) “This evaliation
(m) [77Bar].

{g) This evaluation, for 1223
(k) (70K aul.

Table6 Composition vs Interaction Parameters of
Cu and Cr In Liquid at 1823 K

Composition
dependence of

Compo-
sition, Interaction parameters, J/mal
¥, ok a; Ql, J/mol

e cu

33800 =+ 3200
34200 = 3600
34800 * 3000

30000 = 15000
29200 = 6900
36700 x 5500
35600 + 2300 30500 + 5400 b, = 6070 X, + 28000
. 35800 = 2000 30700 = 5300 .

Note: From activity data for Hquid at 1823 K by [82Tim], modified to be
relative to the standard states of pure liquid Cu and and pure liquid Cr.

0, = 6070 X, + 33100

are calculated to be 104.43 kJ/mol and 39.58 J/mol ‘K,
respectively. The results are presented in Table 5, where
oCr and BCr refer to Cr with fcc and bee structures,
respectively.

A temperature dependence of Qc, was calculated from the
Cu-Cr equilibrium diagram after {80Gac], based on the
following relationship:

0 = [RT(n X§° — In X&)
/11— X8 (Eq 3)

where X§? and X&* stand for mole fractions of Cr in the
{Cr) and (Cu) phases, respectively, and AGE™ " is the
stability parameter for Cr for transformation from bee to
fee structure. The results are presented in Table 5. The O
at 1550 °C calculated from the In y expression for Cu
(82Tim] is included in Table 5 for.comparison.

— AGEPEw)

The large AS!%Y value calculated earlier indicates the (Cu)
phase to deviate considerably from Hildebrand’s model of
regular solution {29Hill.

Thermodynamic Calcutations. The interaction parame-
ters, £, used by [77Kuz] for the calculation of the liquidus
were derived from their phase diagram results alone and
did not incorporate any composition dependence effects.
An attempt has been made in this evaluation to take into
account both the activity data of the liquid by [82Tim] and
the aforementioned liquidus and solidus data by [77Kuz],
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Fig. 6 Intéraction Parameters of Cuand of Crin
the Liquid as a Function of Composition
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to derive an optimized expression for the interaction pa-
rameter of the lquid, ), that incorporates both the tem-
perature (7) and composition (X) dependence. Using this
expression, the equilibrium liquidus is calculated.

In order to determine the composition dependence of 02 for
Cr in the liquid, 0k, the partial molar excess free energy
values for €r, FAGE,, derived from the activity data of
[82Tim], were modified to correspond to those relative to
the liquid as standard states for both components. The
variation of the resultant Qt, with composition isshown in
Fig. 6 and Table 6. The values of {1t were also calculated
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Fig. 7 Interaction Parameters of Cuand of Crin
the Liquid as a Function of Temperature
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Cr-Cu
Table 7 interaction Parameters of Cr
in Liquid vs Temperature
= 81200 + 6070 X, — 279 T
Interaction
Temperatre, parameters, J/mol b, (X}, =.0.015),
K o, . J/mol
..41500 0.015 41500
- 38950 0.026 39000
. 37300 0.040 37500
- 32:800 0.082 33200
R 33100

Note: Caleutations using phase diagram results by [77Kuz], and for
T = 1823 K, activity results by [82Tim.

Table 8 Interaction Parameters of Cu
in Liquid vs Temperature
= 79500 + 6070 Xo, — 279 T

Interaction
Jfmol D, (X, = 0.015),
. J/mol

X D
. 40600 0.015 40600
. 39650 0.026 39700
. 36600 0.040 37000
. 34700 0.082 35900
R I 29100

Noté: From . Table 7 by applying Gibbs:Duhem Relation and, for
T = 1823 K, from activity results by [82Tim].

from the composition of the liquid in equilibrinm with the
(Cr) phase, assuming the solid solution as Raocltian. The
values were modified to correspond to-the eutectic com-
position at Xe¢, = 0.0156, based on the composition de-
pendence derived as in Table 6. The resultant Qt, values
as a function of temperature are shown in Fig. 7 and
Table 7. The combined T and X dependence of Q¢ is
presented in Table 7.

The 0k, values were derived from the above expression of
Q. by the application of the Gibbs-Duhem relation for
the temperature-dependent part (Fig. 7 and Table 8) and
directly from the FAGL, values of [82Tim] for the
composmon dependent part (Fig. 6 and Table 6). The vari-
ation of 0L, with T and X is shown in Table 8. The re-
sultant integral expression for Q' is as follows:

= Xee- (1 — Xcr}- (81200 + 4400 X, — 27.97)
J/mol)

The free energy of fusion for Cr, AGY,, was derived from
[77Bar] and is as follows (see Table 5, for the correspond-
ing expression for Cu¥:

AGE = 7692 + 142.97 T + 7.766 x 107° T* - 8.3492
X 10°T* -~ 21260 TInT  (J/mol) (Eq5)

(Bq 4

Based on the above expression of Q! for the liquid and as-
suming a simple Henrian solution for the (Cr) phase, th

resultant liquidus as well as its metastable miscibility
gap at lower temperatures were calenlated and are pres-
ented in Fig. 3. The calculations clearly demonstrate that
the liquid develops a miscibility gap that lies just below
the liguidus. This would account for the large flat portion
of the liquidus in the midcomposition region. This also ex-
plains- the several ohservations of the liquid miscibility

gap by early investigators, in that small amounts of impu-
rities may be sufficient to stabilize the gap.

The calculated liquidus, however, is shifted upward from
the liquidus based on the experimental data of (77Kuz]
and [82Tim]. This may be the consequence of the inherent
approximations involved in deriving the expression for-Q'.
However, the information regarding the relative position
of the miscibility gap with respect to the liquidus is still
valid.

Suggestions for Future Experimental
Work

Critical experimentation is needed to determine if, in the
absence of impurities, the equilibriungmiscibility gap in
the liguid in Cu-Cr alloys is merely diminished in area, as
in the Cu-V system [81Smil, or if it indeed disappears, as
in the Cu-Nb system [78Ver].
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