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Abstract Some Cu-based alloy systems with a large

positive enthalpy of mixing display a eutectic or peritectic

phase diagram under equilibrium conditions, but show a

metastable liquid miscibility gap in the undercooled state.

When the melt is undercooled below certain temperature

beyond the critical liquid-phase separation temperature, it

separates into two liquids with different compositions. The

compositions of the two liquids change successively upon

the metastable phase diagram before solidification occurs.

The shape and position of the metastable miscibility gap

are dependent of the alloy components and their interaction

features. This study reviews the metastable phase diagrams

of Cu-based alloy systems, which are derived from

experiments and thermodynamic calculations.

Introduction

Some peritectic and eutectic alloys characterized by a large

positive enthalpy of mixing show a miscibility gap in the

metastable undercooled state. These alloys are mainly

Cu-based, such as Cu–Co, Cu–Fe, Cu–Cr, Cu–Ta, Cu–Nb,

Cu–Co–Fe, Cu–Co–Ni, etc. Nakagawa [1] firstly observed

the metastable liquid-phase separation in Cu–Co and

Cu–Fe alloys when measuring their magnetic susceptibility

during successive cooling. In the past several decades, two-

liquid phase separation phenomena have been extensively

investigated [2–7]. The metastable phase diagrams of the

Cu–Co [8–13], Cu–Fe [14–22], Cu–Cr [23–34], and

Cu–Nb [35–40] systems have been calculated and mea-

sured by many researchers. A miscibility gap in the

undercooled Cu–Co–Fe alloys was observed using elec-

tromagnetic levitation technique [41]. The phase equilibria

and the metastable immiscibility of this system were

directly measured over a certain composition range and

calculated [10, 42–47]. In addition, the metastable phase

diagrams of some other ternary systems displaying a

metastable miscibility gap have been studied [48–51]. So

far, a considerable amount of work has been published on

these alloy systems to assess the position of the miscibility

gap. In this study, the metastable phase diagrams of the

Cu-based alloy systems with a miscibility gap in under-

cooled state have been reviewed.

Metastable phase diagrams of binary alloy systems

Cu–Co system

Over the past decades, some researchers have accom-

plished a lot of research on the Cu–Co system. Munitz et al.

[2, 3] investigated the Cu–Co alloys with a composition

range of 33.3–89.3 at.% Cu and found an asymmetrical

liquid-phase separation boundary. Robinson et al. [4]

determined a symmetrical miscibility gap by pyrometric

measurement on flux undercooled samples of compositions

ranging from 18.9 to 92.1 at.% Cu. Using a similar flux

method but using a thermocouple for temperature mea-

surement, Yamauchi et al. [5] reported much lower
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temperature values for liquid-phase separation of several

Cu–Co alloys in the vicinity of the equiatomic composi-

tion. Letzig et al. [6] carried out electromagnetic levitation

and drop tube experiments for Cu–Co alloys covering the

composition range of 31-51 at.% Cu for considering

metastable miscibility gap on the basis of analyzing the

compositions of the separated majority and minority phases

corresponding to different solidification temperatures. It is

found that the phase separation and coagulation processes

and microstructures are mainly controlled by the degree of

undercooling, cooling rate, and convection level in the

containerless states. A distorted microstructure is formed

for Cu–Co alloys with near equiatomic compositions

because of the electromagnetic stirring during electro-

magnetic levitation processing [6]. In contrast, disperse

structures have been formed in droplets solidified during

free fall in the drop tube [7, 8].

Cao et al. [7–9] successfully undercooled Cu–Co alloys

over a composition range of 16.0–87.2 at.% Cu and

directly measured the liquidus and critical liquid-phase

separation temperatures using differential thermal analysis

in combination with glass fluxing method. The directly

determined miscibility gap boundary is slightly shifted to

the Cu-rich side and basically symmetrical about 53 at.%

Cu, with a quite flat dome. The critical temperature of

liquid-phase separation is determined as 1547 K, which is

about 108 K below the corresponding liquidus temperature

and lower by about 32 K compared with most of the data

from previous investigations, as shown in Fig. 1. The cal-

culated result based on a subregular solution model agrees

well with the experimental data in this study. Palumbo

et al. [10] performed an assessment of the binary Cu–Co

systems using the CALPHAD approach, indicating that the

critical point of the miscibility gap is 58.5 at.% Cu with a

critical temperature of 1556 K and the minimum difference

in temperature, 91 K, between the liquidus and the misci-

bility gap occurs at 67.5 at.% Cu. Curiotto et al. [11, 12]

investigated several samples with different compositions

by differential scanning calorimetry (DSC). High und-

ercooling with respect to the liquidus was reached by

means of the glass fluxing technique. The alloys were

cycled with several heating and cooling runs for deter-

mining the temperature of liquid–liquid separation. For

each composition, demixing and remixing temperatures

were found to be equal. Zhao et al. [13] used a model to

describe the kinetic details of the liquid–liquid decompo-

sition during a cooling of the Cu–Co alloy in the metastable

miscibility gap. This model has been applied for calculat-

ing the formation of the microstructure in the drop of the

Cu–Co alloy. The calculated results have a good agreement

with the experimental ones. The data of measured liquidus

temperature, TL, critical phase separation temperature, Tsep,

and critical undercooling for phase separation, DTsep, of

Cu–Co alloys with various compositions from literatures

are listed in Table 1.

Cu–Fe system

The phase diagram of the Cu–Fe system has been studied

by many investigators [14–18]. There are three regions of

primary solidification of the phase, e, c, and d, within the

system. The presence of two peritectic (L ? d $ c and

L ? c $ e) and one eutectoid (c $ e ? a) transforma-

tions has been established. Measurements of the bimodal

line have been carried out [1, 19, 20]. Immiscibility of

liquid with an upper critical point of 1696 K at xFe = 0.56

was established by measuring the magnetic susceptibility

of undercooled melts and microscopic analysis of quen-

ched specimens [1]. Wilde et al. [19, 20] achieved a level

of undercooling up to 250 K by the melt fluxing technique.

In their study, apart from metastable immiscibility of the

melt with a critical point of 1704 K at xFe = 0.53, the

occurrence of a metastable solidification process L ? d in

the composition range xFe = 0.43–0.96 and a metastable

syntectic transformation L1 ? L2 $ e at 1405 K was

observed. Turchanin and Agraval [21] calculated the

parameters of stable and metastable phase equilibria of this

system by means of the thermodynamic models. Figure 2

shows the phase diagram of the Cu–Fe alloy system with

the measured [20] and calculated [18] metastable misci-

bility gap values. The data from literatures on measured
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Fig. 1 Equilibrium phase diagram of the Co–Cu alloy system with

the measured miscibility gap boundary according to different

investigators: filled circle, Cao et al. [9]; open square, Nakagawa

[1]; times symbols, Robinson et al. [4]; and open triangle, Yamauchi

et al. [5], and the measured liquidus temperature by Cao et al. [9],

open circle; Nakagawa [1], filled square; and Yamauchi et al. [5]

filled triangle
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liquidus temperature critical phase separation temperature

and critical undercooling for phase separation of Cu–Fe

alloys are listed in Table 2.

The shape of the miscibility gap of the Cu–Fe system is

similar to that of the Cu–Co system. Nevertheless, the

miscibility gap is only about 20 K below the liquidus line

for the Cu–Fe system, implying that Cu–Fe alloys show a

more intense tendency of demixing than Cu–Co alloys and

so as to form egg-type structures in gas-atomized powders

[22].

Table 1 Measured liquidus

temperature TL, critical phase

separation temperature Tsep, and

critical undercooling for phase

separation DTsep of Cu–Co

alloys with various

compositions

Composition Cu–Co (at.%) TL (K) Tsep (K) DTsep (K) Experimental method Reference

42–58 1669 1573 96 Magnetic susceptibility [1]

50–50 1665 1579, 1577 86, 88 Magnetic susceptibility [1]

56–44 1661 1569 92 Magnetic susceptibility [1]

18.8–81.2 – 1459, 1465 – DTA [4]

23.6–76.4 – 1500, 1507 – DTA [4]

38.2–61.8 – 1546, 1577 – DTA [4]

43.1–56.9 – 1570, 1580 – DTA [4]

48.1–51.9 – 1565, 1580 – DTA [4]

50–50 – 1541, 1580 – DTA [4]

58.2–41.8 – 1540, 1562 – DTA [4]

68.4–31.6 – 1502, 1542 – DTA [4]

73.6–26.4 – 1520, 1549 – DTA [4]

78.8–21.2 – 1480, 1500 – DTA [4]

84.0–16.0 – 1419, 1447 – DTA [4]

89.3–10.7 – 1390, 1418 – DTA [4]

80–20 1605 1518 87 DTA [5]

50–50 1654 1549 105 DTA [5]

30–70 1680 1499 181 DTA [5]

60–40 1649 1558 91 DTA [5]

84–16 1583 1467 116 DTA [7]

16.0–84.0 1713 1415 298 DTA [9]

18.8–81.2 1708 1444 264 DTA [9]

30.0–70.0 1682 1521 161 DTA [9]

38.2–61.8 1669 1538 131 DTA [9]

48.1–41.9 1661 1546 115 DTA [9]

55.1–44.9 1664 1547 117 DTA [9]

58.2–41.8 1662 1547 115 DTA [9]

70.0–30.0 1636 1536 100 DTA [9]

78.8–21.2 1623 1507 116 DTA [9]

84.0–16.0 1582 1467 115 DTA [9]

80–20 1612 1498 114 DSC [11]

75–25 1650 1519 131 DSC [11]

60–40 1653 1543 110 DSC [11]

58.5–41.5 1657 1543 114 DSC [11]

50–50 1664 1544 120 DSC [11]

37–63 1672 1533 139 DSC [11]

25–75 1690 1493 197 DSC [11]

20–80 1706 1457 249 DSC [11]

17–83 1708 1419 289 DSC [11]

25–75 1691 1492 199 DSC [12]

50–50 1666 1538 128 DSC [12]

80–20 1609 1502 107 DSC [12]
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Cu–Cr system

Cu–Cr alloys exhibit high mechanical strength and high

electrical conductivity and therefore have been applied in

electrical industries. In the early of last century, Hindrichs

[23] pointed out that the Cu–Cr system is monotectic with a

stable liquid miscibility gap between 42 and 94 at.%. Since

then, some researchers have developed a similar type of

phase diagram, and refined the boundary of the miscibility

gap [24–26]. Meanwhile, however, a number of thermo-

dynamic calculations predict that the binary Cu–Cr system

is eutectic, rather than monotectic [27–30]. Calculations

also indicate that a metastable liquid miscibility gap

develops immediately below the flat liquidus of Cr-rich

solid solution. Chakrabarti and Laughlin [28] suggest that

the metastable miscibility gap in undercooled liquid is

probably stabilized by impurities under impure experi-

mental conditions. Prompted by this hypothesis, Jacobs

et al. [30] proposed a Cu–Cr phase diagram following a

thermodynamic study of this system using the Knudsen

cell-mass spectrometry. They calculated the metastable

phase boundaries of this system, and predicted that the

miscibility gap had a critical composition of 43.6 at.% Cr

at 1787 K and expanded considerably at lower tempera-

tures. Recently, some studies reported the formation of

spherical Cr-rich grains in rapidly solidified Cu–Cr alloys

with a high content of Cr [31–34]. Zhou et al. [32] inves-

tigated that the phase separation behavior in undercooled

Cu–26.4 at.% Cr alloy melts using the electromagnetic

levitation technique in combination with splat-quenching.

During cooling, the solidification microstructures of levi-

tated and splat-quenched samples are characterized by

Cr-rich spheres in a Cu-rich matrix, showing clear evidence

of metastable phase separation in the undercooled liquid.

The liquid undercooling was estimated to be 210 K in

terms of a newly calculated phase diagram. Recently, Gao

et al. [33] investigated the microstructures of the Cu–Cr

alloys containing 5–70 at.% Cr by electromagnetic levita-

tion. It was found that the microstructures of the samples

strongly depended on alloy composition. The alloys con-

taining 5–60 at.% Cr showed a droplet-shaped micro-

structure, whereas those containing 65 and 70 at.% Cr

displayed a banded microstructure. The observation of the
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Fig. 2 Equilibrium phase diagram of the Cu–Fe alloy system with

calculated [18] and measured metastable miscibility gap boundary

according to different investigators: filled circle [20], open triangle
[19], filled square [18], and open square [1]

Table 2 Measured liquidus

temperature TL, critical phase

separation temperature Tsep, and

critical undercooling for phase

separation DTsep of Cu–Fe

alloys with various

compositions

Composition Cu–Fe (at.%) TL (K) Tsep (K) DTsep (K) Experimental method Reference

25–75 1721 1621 100 Magnetic susceptibility [1]

33–67 1719 1668 51 Magnetic susceptibility [1]

45–55 1714 1696 18 Magnetic susceptibility [1]

50–50 1715 1694 21 Magnetic susceptibility [1]

51–49 1715 1696 19 Magnetic susceptibility [1]

62–38 1701 1678 23 Magnetic susceptibility [1]

69–31 1694 1654 40 Magnetic susceptibility [1]

64.2–35.8 – 1658 – DTA [20]

59.8–40.2 – 1665 – DTA [20]

57.2–42.8 – 1671 – DTA [20]

54.2–45.8 – 1674 – DTA [20]

50–50 – 1679 – DTA [20]

45–55 – 1679 – DTA [20]

42–58 – 1677 – DTA [20]

37–63 – 1670 – DTA [20]

30–70 – 1648 – DTA [20]
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two types of microstructures suggested the existence of a

broad miscibility gap in the undercooled liquid. On the

basis of these results, they estimated the metastable mis-

cibility gap of Cu–Cr system, as shown in Fig. 3 on the

basis of microstructure analysis [34], where the miscibility

gap boundary shifted to the Cr-rich side.

Cu–Nb system

Cu–Nb alloys have attracted much interest because of their

superconductivity and improved mechanical properties.

Experimental and thermodynamic assessments of the

Cu–Nb system have been carried out during the past few

decades [35–38]. At present, there are two types of pro-

posed phase diagrams for this system. Popov and Shiryaeva

[35] suggested a stable liquid immiscibility phase diagram.

In contrast, Allibert et al. [36] indicated horizontal liquidus

but not immiscibility. Smith et al. [37] and Chakrabarti and

Laughlin [38] concluded that the stable phase diagram of

Cu–Nb should nearly have horizontal liquidus with a

peritectic transformation. This nearly flat liquidus is

indicative of a possible metastable liquid miscibility gap.

Li et al. [39] determined accurate liquidus temperatures

and examined the microstructures of the Cu–Nb alloys that

were solidified in a very clean environment and at a low

cooling rate. The Nb content for the alloys ranged from 3.4

to 80.7 at.%. They confirmed the equilibrium phase dia-

gram having an S-shaped and nearly flat liquidus. Recently,

Munitz et al. [40] used electromagnetic levitation to

determine Cu–Nb phase diagram and to study supercooling

effects on solidification characteristics of the Cu–Nb alloys

containing 3.4–61.4 at.% Nb. They found melt separation

only for specimens containing approximately 14.6 at.%

Nb. They gave a summary of measured liquidus tempera-

tures of Cu–Nb alloys, as shown in Fig. 4. The calculated

and experimentally suggested dome-shaped miscibility gap

with a maximum of about 14.6 at.% Nb and the calculated

T0 curve are also presented.

Metastable phase diagrams of ternary alloy systems

When a third component is added into the above binary

alloys characterized by liquid-phase separation in the un-

dercooled state, the resulted ternary alloy system also

shows a metastable miscibility gap over a certain compo-

sition range. The addition of the third component has dif-

ferent effects on the metastable liquid-phase separation

behavior because of different interactions with the mother

components. The metastable phase diagrams of some ter-

nary systems have theoretically and experimentally been

investigated, such as Cu–Co–Fe, Cu–Co–Ni, Cu–Cr–Ti,

Cu–Cr–Zr, etc.

Cu–Co–Fe system

Jellinghaus [52] and Maddocks and Claussen [53] first

investigated vertical sections of the phase diagram of

Cu–Co–Fe ternary alloy system using thermal analysis and

metallography, but they did not observe immiscibility

Fig. 3 Illustration of the metastable miscibility gap in the binary

Cu–Cr system. The dotted line shows the prediction of the thermo-

dynamic study by Jacobs et al. [30], whereas dashed line represents a

hypothetical one based on the microstructure analysis By Zhou et al.

[34]

Fig. 4 Calculated stable phase diagram of Cu–Nb with calculated

(dashed line) and experimentally suggested (doted line) metastable

liquid miscibility gap, as well as the calculated T0 curve [40].

Superimposed are the data of measured liquidus temperature by Li

et al. [39] (filled square) and Munitz et al. [40] (filled circle)
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behavior in this ternary system. Isothermal sections of the

phase diagram at several temperatures had been obtained

[54–56]. The involved both Cu–Co and Cu–Fe binary

systems exhibit metastable liquid–liquid phase separation

and therefore the Cu–Co–Fe ternary system must be

characterized by a miscibility gap in the undercooling state.

Munitz and Abbaschian [41] observed liquid-phase sepa-

ration in Cu–Co–Fe alloys at high cooling rates. Kim and

Abbaschian [42] measured the liquidus and demixing

temperatures of some Cu–Co–Fe alloys by means of a

pyrometer in the electromagnetic levitation state. Bam-

berger et al. [43] evaluated the stable and metastable

Cu–Co–Fe phase diagrams. Wang et al. [44] calculated the

phase equilibria in Cu–Fe–X (X: Co, Cr, Si, V) ternary

systems and obtained the miscibility gaps theoretically.

Cao and Görler [45] applied high-temperature differential

thermal analysis and precisely determined the liquidus and

the miscibility gap over a wide composition range for this

system. The boundary lines of the miscibility gap, which

are determined for the three quasi-binary cross sections of

the Cu-(Fe,Co) alloy system, show remarkably flat domes.

It is found that the directly determined miscibility gap

boundary is quasi-binary at a given Cu concentration,

which is located between the corresponding binodals of the

boundary systems Cu–Co and Cu–Fe. The liquid-phase

separation temperature determined directly and reproduc-

ibly from the onset temperature of the DTA traces,

decreases monotonically with the increase of Co content, as

shown in Fig. 5. Munitz et al. [46] used electromagnetic

levitation to undercool the alloys and determined the

metastable phase separation temperatures by analyzing the

compositions of the two separated liquids by EDS after

solidification and compared with calculated data. Curiotto

et al. [47] measured the temperatures of several selected

Cu–Co–Fe alloys with different compositions by DSC.

With a thorough SEM and EDS analysis of the samples, the

effect of demixing and solidification on the formation of

the microstructures had been disclosed with clear emphasis

on the role of undercooling. The measured liquidus tem-

perature, critical phase separation temperature, and critical

undercooling for phase separation of Cu–Co–Fe alloys with

various compositions are listed in Table 3.

On the basis of the experimental data available in the

literatures, Palumbo et al. [10] calculated the Cu–Co–Fe

phase diagram and obtained the metastable miscibility gap

boundaries at various temperatures, as shown in Fig. 6. It is

noteworthy that the miscibility gap does not present a sharp

saddle point in the middle of the phase diagram, as

obtained in the assessment by Wang et al. [22]. This is

mainly because of the new description of the binary Cu–Co

system, where the maximum of the miscibility gap occurs

at a lower temperature.

Cu–Co–Ni system

It is found that adding Ni to Cu–Co can partly restrain the

liquid-phase separation and can decrease the volume frac-

tion of Co-rich particles in the Cu-rich matrix [48].

Waehlert and Oster [57] employed thermal analysis for

investigating the liquidus curve of Cu–Co–Ni. A more

extensive investigation was carried out in [58], where 90

alloys were investigated to determine 11 vertical sections

of the Cu–Co–Ni phase diagram. More recently, Hasebe

et al. [59] studied the phase equilibria of Cu–Co–Ni alloys

at temperatures between 1150 and 1550 K using the dif-

fusion couple technique. They also calculated the ternary

phase diagrams but without considering the liquid-phase

separation. Curiotto et al. [49] measured the transformation

temperatures of Cu–Co–Ni alloys by DSC in combination

with glass fluxing. On the basis of the experimental data

obtained, evaluation of the Cu–Co–Ni ternary system was

carried out, where, in particular, attention had been paid to

the description of the metastable liquid miscibility gap, as

shown in Fig. 7. Table 4 lists the measured liquidus tem-

perature, critical phase separation temperature, and critical

undercooling for phase separation of some Cu–Co–Ni

alloys. It was found that Ni additions reduce the demixing

temperature, leading to the binodal line below the peri-

tectic. Only the demixing occurring at high temperatures

(curves close to the Cu–Co side) is experimentally acces-

sible, and that calculated at low temperatures should be

considered with caution because of extrapolation.
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Table 3 Measured liquidus temperature TL, critical phase separation temperature Tsep, and critical undercooling for phase separation DTsep

of Cu–Co–Fe alloys with various compositions

Composition (at.%) Cu–Co–Fe TL (K) Tsep (K) DTsep (K) Experimental method Reference

37–11–50 1668 1627 41 EML [42]

36–22–42 1665 1622 43 EML [42]

36–33–31 1395 1342 53 EML [42]

36–44–20 1400 1330 70 EML [42]

36–54–10 1396 1318 78 EML [42]

47–11–42 1388 1365 23 EML [42]

46–23–31 1389 1356 33 EML [42]

46–33–21 1397 1351 46 EML [42]

46–44–21 1394 1340 54 EML [42]

56–12–32 1384 1352 32 EML [42]

56–23–31 1392 1347 45 EML [42]

55–34–11 1386 1337 49 EML [42]

66–12–22 1371 1336 35 EML [42]

66–23–11 1353 1329 24 EML [42]

77–12–11 1322 1298 24 EML [42]

10–45–45 1727 No sep. – DTA [45]

20–20–60 1711 1553.5 158 DTA [45]

20–40–40 1696 1522.5 173.5 DTA [45]

20–60–20 1693 1496.5 196.5 DTA [45]

25.7–45–29.3 1677 1558 119 DTA [45]

30–17.5–52.5 1695 1613 82 DTA [45]

30–52.5–17.5 1678 1560 118 DTA [45]

40–15–45 1688 1634 54 DTA [45]

40–30–30 1675 1613 62 DTA [45]

40–45–15 1668 1587 81 DTA [45]

50–12.5–37.5 1685 1638 47 DTA [45]

50–37.5–12.5 1663 1591 72 DTA [45]

60–10–30 1667 1637 30 DTA [45]

60–20–20 1662 1615 47 DTA [45]

60–30–10 1656 1593 63 DTA [45]

70–7.5–22.5 1689 1627 62 DTA [45]

70–15–15 1656 1606 50 DTA [45]

70–22.5–7.5 1650 1582.5 67.5 DTA [45]

75–10–15 1664 1600 64 DTA [45]

75–15–10 1648 1586 62 DTA [45]

84–4–12 1623 1557 66 DTA [45]

84–8–8 1619 1542 77 DTA [45]

84–12–4 1616 1518 98 DTA [45]

81.6–8.4–10 1513 1412 101 EML [46]

72.9–10.5–16.6 1553 1468 85 EML [46]

69.5–5.2–25.3 1563 1523 40 EML [46]

62.9–26.1–11.0 1563 1513 50 EML [46]

57.5–20.7–21.8 1573 1423 50 EML [46]

52.7–31.0–16.3 1603 1553 50 EML [46]

52.1–10.2–37.7 1626 1586 40 EML [46]

46.7–16.4–36.9 1613 1588 25 EML [46]

44.7–36.9–18.4 1598 1528 70 EML [46]

90–5–5 1577 1456 121 DSC [47]
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Cu–Cr–Zr and Cu–Cr–Ti systems

Figure 8a,b exhibits the projections of the metastable

miscibility gap boundaries at various temperatures of the

Cu–Cr–Zr and Cu–Cr–Ti ternary systems, which were

calculated on the basis of the subregular solution model by

Sun et al. [50, 51]. These phase diagrams show the effect of

Ti and Zr addition on the liquid-phase separation of Cu–Cr

alloys. It is revealed that the addition of Ti or Zr can partly

suppress the liquid-phase separation of the Cu–Cr alloy

melts, resulting in refining of Cr-rich particles formed after

liquid-phase separation during rapid cooling. The thermo-

dynamic analyses indicate that the large positive heat of

mixing between Cu and Cr is reduced by the addition of Ti

and Zr, leading to the liquid-phase separation occurring at a

lower temperature and being driven by a smaller force.

Key factors controlling the formation of the metastable

liquid miscibility gap

From the insight of thermodynamics, an alloy melt can be

treated as a subregular solution. The Gibbs free energy of

mixing Gmix of a binary alloy melt derives from ideal

entropy of mixing and the excess free energy

Gmix ¼ RTðXA ln XA þ XB ln XBÞ þ XABXAXB ð1Þ

where XAB is the interaction parameter between the com-

ponents A and B. This parameter is dependent on compo-

sition and temperature. For binary Cu–Co system, the Gibbs

free energy of mixing dependent on composition and tem-

perature is shown in Fig. 9. Below the critical liquid-phase

separation temperature, 1547 K, there exist two minima in

the Gibbs free energy of mixing, leading to the occurrence

of liquid-phase separation. The interaction parameters of the

Cu–Co and Cu–Fe systems are different. This causes dif-

ferent critical liquid-phase separation temperatures and

corresponding compositions for these systems.

In the case of a ternary system, the Gibbs free energy of

mixing can be expressed as

Fig. 6 Calculated metastable miscibility gap boundaries at various

temperatures of the Cu–Co–Fe system [10]

Fig. 7 Calculated metastable miscibility gap boundaries of Cu–Co–

Ni system at different temperatures [49]

Table 3 continued

Composition (at.%) Cu–Co–Fe TL (K) Tsep (K) DTsep (K) Experimental method Reference

50–25–25 1669 1618 51 DSC [47]

50–12.5–37.5 1687 1637 50 DSC [47]

50–37.5–12.5 1670 1591 79 DSC [47]

25–30–45 1693 1569 124 DSC [47]

25–65–10 1688 1514 174 DSC [47]

25–10–65 1711 1601 110 DSC [47]

12–22–66 1727 1444 283 DSC [47]

12–44–44 1715 – – DSC [47]
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Gmix ¼ RTðXA ln XA þ XB ln XB þ XC ln XCÞ
þ XABXAXB þ XACXAXC þ XBCXBXC

þ XABCXAXBXC

ð2Þ

where XABC is the interaction parameters of A–B–C. This

means that the excess free energy is dependent not only on the

interaction parameters of A–B, A–C, and B–C, but also on that

of A–B–C. Both Cu–Co and Cu–Fe systems exhibit positive

enthalpy of mixing, but the Co–Fe is thermodynamically an

ideal mixing system. The critical temperature of the Cu–Co–

Fe system increases with the increase of Fe content. In con-

trast, the Cr–Ti(Zr) and Cu–Ti(Zr) are the systems with

negative enthalpy of mixing. The increase of Ti(Zr) content

could decrease the enthalpy of mixing, resulting in signifi-

cant suppression of metastable liquid-phase separation in the

Cu–Cr–Ti or Cu–Cr–Zr ternary systems.

From the insight of physics, the bond fraction among

different components in an alloy melt is related to the

interaction among the components. A lower fraction of

bonds among different components implies weaker interac-

tion among these different components, resulting in more

intensive tendency of liquid-phase separation. In sum, the

interaction among components is the dominant factor con-

trolling the formation of metastable liquid miscibility gap.

Conclusion

The large positive enthalpy of mixing results in immisci-

bility in some Cu-based peritectic and eutectic alloys in the

Table 4 Measured liquidus temperature TL, critical phase separation temperature Tsep, and critical undercooling for phase separation DTsep

of Cu–Co–Ni alloys with various compositions

Composition Cu–Co–Ni (at.%) TL (K) Tsep (K) DTsep (K) Experimental method Reference

49–49–2 1653 1521 132 DSC [49]

47.5–47.5–2 1655 1482 173 DSC [49]

46–46–8 1653 1448 205 DSC [49]

44.5–44.5–11 1643 1412 231 DSC [49]

43–43–15 1644 1372 272 DSC [49]

80–15–5 1559 1386 173 DSC [49]

22.5–72.5–5 1691 1426 265 DSC [49]

Fig. 8 Calculated metastable

miscibility gap boundaries of

Cu–Cr–Zr [50] (a) and Cu–Cr–

Ti [51] systems (b)
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Fig. 9 Gibbs free energy of mixing of Cu–Co system at various

temperatures as a function of composition
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undercooling state. So far, the metastable phase diagram is

mainly derived from thermodynamic calculation, where the

interaction parameters among the involved elements are the

key factors. Composition analysis on the solidified-sepa-

rated phases, direct measurement on a levitated drop by a

infrared pyrometer, DSC, and differential thermal analysis

techniques have been employed to experimentally deter-

mine the metastable miscibility gap. Evidently, the thermal

analysis in combination with glass fluxing method can lead

to the most accurate data because the liquid–liquid phase

separation process causes a very small temperature change.

So far, extensive research has been done on the binary

alloy systems. In contrast, however, only a little informa-

tion is available for the metastable phase diagram of

multicomponent alloy systems. From the insight of ther-

modynamics and physics, it is inferred the interaction

among components is the dominant factor controlling the

formation of metastable liquid miscibility gap.
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