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Thermodynamic evaluation of the Cu—Ni system within the CALPHAD approach is based on values of
mixing enthalpies and activities of components in liquid and solid solutions, as well as parameters of
phase transformations. The excess Gibbs free energy of phases is described by the following equations:
AGL e = x\ (1 —x);) (14259 + 0.45T)  J/mole  for liquid alloy and AGCHN), ex = x (] —xy.) x
X (6877.12 + 4.6T + (1-2x,,)(-2450.1 + 1.87T)) J/mole for fcc solution. For the Gibbs free energy of the
(Cu, Ni) phase, the magnetic effect is described by the Hillert—Jarl method. The thermodynamic model of
the system generates a self-consistent description of all thermodynamic values and phase equilibria. The

calculated binodale of fcc solid solution is in satisfactory agreement with experimental data. The critical
point have coordinates 605 K and x,; = 0.6.
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Binary copper—nickel alloys and more complex composites based on them have important mechanical and
electrical properties and demonstrate high corrosion resistance in different environments. That is why they are widely
used in contemporary industry as structural and electrotechnical materials. Therefore, studying the interaction of copper
and nickel is an important task. Processes for extracting these valuable metals from secondary raw materials are another
significant application. In this regard, the phase diagram of the system and thermodynamic properties of its phases
attracted the close attention of experimenters and were repeatedly subjected to thermodynamic modeling. However, the
published data on thermodynamic mixing functions demonstrate substantial differences both in the absolute value and
temperature dependence, and phase equilibria in the low-temperature region cannot be considered fully understood.

PHASE EQUILIBRIA IN THE SYSTEM

The system components show complete liquid and solid miscibility. Hence, there are two phases in equilibrium:
liquid L and fcc solution (Cu, Ni). The existence of the solid solution was confirmed with optical microscopy and x-ray
examination. The solidus and liquidus lines form a cigar-shaped phase diagram with a narrow two-phase region.
Different research teams invariably arrived at similar conclusions. The results of research efforts up to 1958 were
analyzed in [1].

Contemporary studies of the phase equilibria in the system [2—5] focus of the positioning of the liquidus and
solidus lines (Figs. 1 and 2). The papers [2, 3, 5] used for this purpose an x-ray spectral microanalysis of samples
quenched from the two-phase region. In addition, the paper [3] established the position of the liquidus line with a
thermal analysis followed by extrapolating the data to the zero cooling rate. The measurements made in [3] cover the
entire concentration range, the data from [2] the region of copper-rich alloys, and the data from [5] alloys with
Xn; <0.30 and xy; > 0.70. The paper [4] studies the phase equilibrium between the liquid and solid solutions with a
thermal analysis of seven alloy compositions in the range x; = 0.01-0.87.
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Fig. 1. Experimental and calculated liquidus and solidus lines of the (Cu, Ni) phase: here and below the
calculated data are shown as solid lines
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Fig. 2. Liquidus and solidus of the (Cu, Ni) phase for copper-rich alloys

The results obtained in [2—5] are in good agreement. In a wide composition range, the solidus line plotted in
these papers is about 30 K higher than that from [1]. According to [3], this difference demonstrates the potential error in
determining the solidus temperature when a thermal analysis is the only research method.

As noted above, intermetallides are not formed in the system. The attempts to synthesize CuNi and CuNi; under

high pressures failed [6].
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Fig. 3. Copper—nickel phase diagram including the miscibility gap of the (Cu, Ni) phase: the dashed line
denotes the boundary of magnetic transformation

The immiscibility of the (Cu, Ni) phase is a serious issue of phase equilibria in the system. The papers devoted
to this issue up to 1978 are reviewed in [7]. The studies of electric, magnetic, and structural properties of alloys and their
low-temperature thermal capacity show that immiscibility is possible. At the same time, conventional metallographic
methods still have not provided direct experimental evidence of immiscibility. Of special attention are the results of the
papers [8—12], which examined this phenomenon with highly sensitive diffraction methods.

The paper [8] employs the neutron diffraction method over a range between 298 and 1294 K to examine the
short-range order of the Cu-Ni alloy with x; = 0.475. The results were used to assess the critical miscibility gap
temperature, which was 506 to 536 K (Fig. 3). The study [9] carried out an x-ray analysis of the Cu—Ni alloys with
different thermal histories and established the immiscibility of solid alloys at 523 K over the concentration range
Xyn; = 0.10-0.90. The thermal neutron diffraction method is employed in [10] to study the short-range order in the hard
Cu-Ni alloys. The studies covered compositions xy; = 0.1-0.9 and temperatures 613-973 K. Figure 3 shows the
miscibility gap boundaries for hard alloys assessed in [10].

The paper [11] deals with neutron diffraction study of the Cu—Ni alloy with xy; = 0.585 produced from copper
and nickel enriched with isotopes. The alloy samples were thermally treated and bombarded with electrons at 373 to
510 K. Based on experimental data on small-angle neutron scattering, the paper [11] established that the composition
fluctuated. This was interpreted as evidence of the immiscibility process in hard alloys of the system. The study [12]
reports on x-ray structural examination of the alloy with xy; = 0.45 produced by vapor deposition and annealed at 598,
603, and 723 K. Spinodal decomposition of the hard alloy over the range x\; = 0.36-0.54 was revealed at 603 K.

The results of [13] are another evidence of a potential transformation in the (Cu, Ni) phase. There are small

jumps, which may be associated with solid immiscibility, on the temperature curves of specific thermal capacity of the
alloys with xy; = 0.52 and x\; = 0.77. The points calculated in [13] and indicating the miscibility gap boundaries are

shown in Fig. 3 and agree well with other data.
Summarizing the above studies and the papers reviewed in [7], note the following. The immiscibility in the
(Cu, Ni) phase may occur in microscopic regions and, therefore, it can hardly be recorded by the conventional metallographic

469



AH, kd/mole A [4], 1753K
8 - 0 [14], 1473 K
& [15], 1473 K
7 % [17], 1733-1763 K
v [18], 1748 K
6 - o [20], 1739 K
X [21], 1753 K
T 3
9
4 ¥
x 2 & o
3 X v
o A &
2 A A
> A A
1 - A
M
0 | | | | XNi
Cu 0.2 0.4 0.6 0.8 Ni

Fig. 4. Mixing enthalpy of liquid alloys

method. The critical immiscibility point may be shifted toward the regions of nickel-rich alloys. The last conclusion was
further considered in a thermodynamic assessment of the system.

THERMODYNAMIC PROPERTIES OF LIQUID ALLOYS
Mixing Enthalpies. The mixing enthalpies of copper and nickel in liquid alloys were examined with calorimetric
methods in [4, 14-21]. The mixing enthalpy of components was first studied in copper-rich melts: in [14] at x\; = 0—
0.09 and 1473 K, in [15] at 1473 K and xy;= 0-0.15. Figure 4 presents the results of this study. The paper [16]
examined the mixing enthalpy of copper and nickel at 1728 K at xy; = 0.158-0.860. According to [16], the minimum
integral mixing enthalpy AH = —8.03 kJ/mole corresponds to an alloy with x; = 0.30.

The values of integral mixing enthalpy result from measuring thermal effects in the mixing of liquid nickel and
copper at 1753 K in [4], at 1739-1763 K in [17], and at 1748 K in [18] for alloys with xy; = 0.103—0.900. According to

[17], the maximum AH_,, is 4.4 k]/mole at x\; = 0.45 (Fig. 4).
The paper [19] examined the partial enthalpy of nickel dissolution in molten copper at 1385 K for alloys with
x; < 0.03 and established the first mixing enthalpy of molten supercooled nickel to be AH ;= 5.4 + 0.4 kJ/mole.
Integral mixing enthalpy was determined for four alloys with xy; = 0.601-0.911 at 1739 K in [20]. The results

are presented in Fig. 4.

The partial mixing enthalpies of components are examined in [21] at 1753 K. The concentration dependence of
the partial mixing enthalpy of nickel is studied in four independent experiments at xy; = 0-0.48, and the partial mixing

enthalpy of copper in three experiments at xy;=0.46-1. The first mixing enthalpy of nickel and copper was
AH;=14.0 £ 4.0 kJ/mole. The paper [21] also reports on the first mixing enthalpy of copper and nickel:

AHE, = 16.8 + 4.5 kJ/mole. The following expressions are valid for the concentration dependence of the integral and

partial mixing enthalpies of system components:
AH = xy; (1-xy;) (14.02 + 2.83 xy;;) kI/mole,

AﬁNi = (1 —xy;)?(14.02 + 5.66 xy;) kJ/mole,

AHg, = x%i (11.19 + 5.66 xy;) kl/mole.
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Fig. 5. Thermodynamic activities of liquid alloy components

According to [21], integral mixing enthalpy is a positive value (Fig. 4); its maximum reaches AH_, = 3.9 £ 0.6 kJ/mole

near the equiatomic composition.

Figure 4 shows that the integral mixing enthalpies of copper and nickel assessed in [17, 18, 20, 21] agree well.
The AH values reported in [4] are less endothermic. The results of [16] should be critically addressed as the AH sign
contradicts other data.

The positive values of the integral mixing enthalpy are also evidenced by the paper [22], which examined the
high-temperature enthalpy constituent of molten copper, nickel, and four alloys with x; = 0.21-0.81 at 1873 K. The
paper established that the high-temperature enthalpy constituent of molten alloys was somewhat higher than the additive
value based on this property of pure components.

Thermodynamic Activities of Melt Components. The thermodynamic activities of components were examined in
[23-25]. The paper [23] studied the partial copper pressure with a carrying gas method at 1873 K. These data were used
to calculate copper activities (Fig. 5). They indicate insignificant positive deviations of the thermodynamic properties
from ideal behavior. The emf method with a solid electrolyte at 1673 K was employed in [24] to examine the
thermodynamic activity of nickel. The resulting properties are presented in Fig. 5. The Knudsen effusion method of
measuring vapor pressure was used in [25] to study the thermodynamic activities of copper at 1703 K. The results are
presented in Fig. 5. The study covered the melts with xy; = 0.1018-0.8017. The results sufficiently agree with [23, 24]
but are indicative of greater positive deviations from ideal behavior.

The excessive thermodynamic properties of the melts were examined with Knudsen-cell mass spectrometry in
[26]. Based on the vapor composition over the alloys with xy; = 0.0754-0.8588 at 7= 1750 K, the following expression
was derived for the excess free mixing energy:

AG = xy; (1 xy;) (11589 + 1.409T + (1789 — 0.593T)(2xy; — 1)) J/mole.

According to this work, the maximum excess free mixing energy reaches AG g, = 3.515 kJ/mole at xy; = 0.514
and maximum integral mixing enthalpy is AH , = 2.915 kJ/mole at x\; = 0.538. Figure 5 shows the thermodynamic

activities of the components at 7= 1750 K calculated using the above expression.
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These data show that the thermodynamic properties of the Cu—Ni melts have positive deviations from ideal
behavior. The excessive thermodynamic properties of the melts reach their maximums near the equiatomic
composition.There are no experimental data that would directly or indirectly indicate that the excessive thermal capacity
of the melts is different from zero.

THERMODYNAMIC PROPERTIES OF HARD ALLOYS

Mixing Enthalpy of Solid Solution. The paper [27] used a calorimetric method to determine the mixing enthalpy
in the equiatomic alloy at 995 K (Fig. 6). The papers [28, 29] examined the mixing enthalpies of solid solution
components with calorimetric dissolution in liquid tin. The dissolution heat of Cu—Ni alloys is studied in [28] at 623 K.
The data from [28] were recalculated into the mixing enthalpy at 273 K (Fig. 6). The mixing enthalpies at 913 K (Fig. 6)
are reported in [29]. Using a high-temperature adiabatic calorimeter, the paper [30] examined the mixing enthalpies of
hard Cu-Ni alloys at 773 K and the heat capacity of the alloy with xy; = 0.7 at 773 to 1273 K. The AH values assessed
in [30] are presented in Fig. 6.

The paper [13] used an adiabatic calorimeter to study the specific heat capacity of pure, copper, nickel, and
three Cu—Ni alloys between 308 and 883 K. These data were used to calculate the excessive heat capacity of hard alloys
at 7= 883 K, which hence is no more than 0.5 J/(mole - K).

Thermodynamic Activities of Solid Solution Components. The thermodynamic activity of copper in a solid
solution was examined with the emf method with a liquid salt electrolyte at 1000 K [31]. The resulting isotherm ac,, is
shown in Fig. 7.

The thermodynamic properties of the (Cu, Ni) phase were examined with the emf method with a solid oxide
electrolyte [32—34]. The paper [32] studied the thermodynamic activity of nickel at 973 and 1273 K for the alloys with
xy; = 0.1-0.9; the isotherms ay; at these temperatures (Fig. 7) were obtained as a result. Thermodynamic properties are
examined between 1173 and 1373 K in [33]; the isotherm ay; is obtained at 1273 K as a result (Fig. 7). The paper [34]
used the emf method with a solid oxide electrolyte to determine the thermodynamic activity of fcc nickel (ay; = 0.31) in
a hard alloy with x;; = 0.1 at 1000 K.
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The paper [35] employed the thermal emf method to study the thermodynamic properties of the alloys between
1173 and 1373 K. The resulting isotherm ay; at 1273 K is provided in Fig. 7.

Figure 6 shows that the hard alloys of the system have positive integral mixing enthalpies. The data of all the
papers agree well. The only exception is [28], whose results demonstrate high endothermicity. The results of [29, 30]
demonstrate that the maximum of this function may be shifted toward nickel-rich alloys. Similar conclusions were made
in [31, 36, 37], which determined integral mixing enthalpy by indirect methods. Given small AH absolute values and
experimental data scattered among different papers, it is difficult to conclude on a temperature dependence of this
property.

The thermodynamic activities of hard alloy components also show positive deviations from ideal behavior. The
isotherms ay; obtained in [32, 33, 35] at 1273 K agree well. According to [32], the thermodynamic activity of nickel
decreases with increasing temperature.

The nature of interactions in the (Cu, Ni) phase is evidence of its possible immiscibility at low temperatures.
The maximum AH is shifted toward nickel-rich alloys; this agrees with the possible displacement of the critical
immiscibility point to this concentration region, as noted in the first section.

THERMODYNAMIC MODELS AND OPTIMIZATION OF THE SYSTEM

The phase equilibria in the copper—nickel system were repeatedly subjected to thermodynamic modeling.
However, there are only few studies [7, 38—40] where such calculations were carried out based on consistent data on the
thermodynamic properties of phases and phase boundaries. The calculations performed in [38, 39] do not take into
account the magnetic contribution to the free energy of the (Cu, Ni) phase. The paper [40] considers the magnetic
contribution using the technique [41, 42]. The thermodynamic description of the system in [7] is based on adding the
magnetic contribution to the model [39]. All the above papers reached fundamental agreement between the calculated
and experimental values, but none is based on full data on the thermodynamic properties of the phases, especially those
related to system melts.

Self-consistent thermodynamic parameters for copper—nickel phases, which correspond to the thermodynamic
properties and phase transformations, are calculated in this paper using the CALPHAD approach [43].

Liquid Solution. The temperature and concentration dependence of the Gibbs free energy of liquid alloys was
described as follows:

Lo (=) CGE, = HEER) 4 0 (CGY = HYER) + RT((1—xn)In(1 — x) + x5 Inxygg) + AGS ™ (x;,7)

where (° GN1 -H SER) and (° GCu -H SER) are the Gibbs energies of pure liquid nickel and copper; AGE (xni,T) 1s
the excess constituent of the Gibbs free energy. The temperature and concentration dependence of the excess Gibbs free
energy is as follows

n
AGH = (1= )y D (1= 2x) (4 + BT),
i=0
where A4;, B, are coefficients of the model; i is the power of the Redlich—Kister polynomial.

Solid Solution. The temperature and concentration dependence of Gibbs free energy of the (Cu, Ni) phase was
described as follows:

+ RT((1—x3)In(1— xp; ) + xp;Inxyg )+ AG(C“’ N X (i, T) + AG(C“ N (o T) s

magn

where (° G(Cu ND_HSERyand (° G(Cu ND_ g3ERY are the Gibbs energies of pure copper and nickel with a fec
structure, AGC-ND-eX(x . T)is the excess constituent of the free energy; Gr(rgi‘éan)(xNi,T ) is the magnetic

contribution to the Gibbs energy of the alloy. The excess constituent of the Gibbs free energy of the solid solution was
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described by the expression similar to that for the liquid alloy. To model the magnetic contribution to the free energy of
fce solid solutions, the technique proposed in [41, 42] was used:

AGin” (rninT) = RT(Anp ™ +1) £,
where t=T/T, C(C”’Ni) , T, C(C”’Ni) is the Curie temperature of the alloy; p(€*N)
per atom. The function f(t) is defined by

1l 79 474( 1 3o 4B
f)=l-—| ——+—| — -1 LI ,T<1,
D|140-p-t 497\ p 6 135 600

1 -5 -15 =25
f(r)=—5{r—+T T s,

is the mean magnetic moment of the alloy

+_
10 315 1500

518 11692 1
where D =——+———| ——1/. For an fcc lattice, p = 0.28. The concentration dependence of the Curie temperature
1125 15975\ p
7(CuN . (Cu,Ni) - . )
¢ and mean magnetic moment f3 in the alloy was described as follows:

(CuNi) _ o i i (Cu, Ni), i
TS u =Xy TCNi +(1—XNi)xNiEO(l_2xNi)lTCCl:_Ni g

n
Cu, Ni . / (Cu, Ni), i
BN = xyi B +(1_xNi)xNiZ(l_szi)lB(Cuu—Nli) K
i=0

u, Nl), i and B(Cu, Ni), i

where T Cu_Ni  are

is the Curie temperature of nickel; “By; is the magnetic moment of nickel; 7, C(C
C

Ni u—Ni

parameters calculated in [40]: T¢C" N0 = —935.5; 7(C MM1= —504.9; BEL R-0=—0.7316; B =-0.3174. The

Cu-—Ni
thermodynamic data on pure copper and nickel were taken from the SGTE database [44].

System Optimization. The model parameters A4; and B; were optimized with the Thermo-Calc software. The
phase diagram of the system is relatively simple and, therefore, most of the above experimental data could be accepted
in the first stage of calculations for optimization: on phase equilibria [2—5]; thermodynamic properties of melts [4, 14,
15, 17-21, 23-25]; thermodynamic properties of hard alloys [27, 29-35]. The data [16, 28] on the formation enthalpies
of liquid and solid alloys, respectively, were not included in the optimization. The data [25] on the thermodynamic
activity of copper were accepted for optimization with smaller weight. At the first stage of calculations, thermodynamic
models were restricted to only zero-order coefficients. At the next stage, the description of the thermodynamic
properties of the (Cu, Ni) phase (the accuracy in describing the solidus and liquidus lines being retained) could be
improved by keeping the first-order coefficients in the relevant model.

Table 1 summarizes the model coefficients. They were used to calculate the phase boundaries and
thermodynamic properties of liquid and solid copper—nickel alloys, which are shown with solid lines in Figs. 1-7.

TABLE 1. Model Parameters of Excessive Gibbs Free Energy (J/mole) of Copper—Nickel Phases

n

AG((P)’eX — (1 - XNi )lez(l _2XN1)Z(A1 + BIT)

i=0
I 4 ‘ 5
L
0 14259 0.45
(Cu, Ni)
6877.12 4.6
1 —2450.1 1.87
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CALCULATION RESULTS AND DISCUSSION

Figures 1 and 2 show that the liquidus and solidus lines are adequately described in this study. Only in the
center of the phase diagram does our liquidus line pass approximately 10 K higher than the data [3, 4], which studied
this phase boundary with a thermal analysis.

The best compliance of the mixing enthalpy of liquid alloys is observed with the data from calorimetric studies
[17, 21]. Based on calculations, the maximum value of the function is AH_,, = 3.6 kl/mole. The activities of the
components are best described for the data [26]. The maximum excess free mixing energy of melts at 1753 K is
AG« = 3.8 kl/mole for the model. The extreme values of these two thermodynamic functions are close and thus the

configuration contribution to the entropy is close to zero. According to the thermodynamic model, the supercooled melts
may undergo immiscibility. The critical temperature of this metastable process is 882 K and, therefore, the melt is
supercooled by more than 700 K relative to the liquidus temperature.

The curve of the integral mixing enthalpy of the (Cu, Ni) phase demonstrates the best agreement with [30] for
copper-rich alloys and with [29] for nickel-rich alloys. The maximum of the function is AH_, = 1.8 kl/mole at

xn; = 0.58. The resulting isotherm a%\lzin satisfactory presents the most reliable data on the thermodynamic properties of

hard alloys — a set of values from [32, 33, 35]. The model correctly represents the temperature dependence of the
thermodynamic activity of nickel established in [32]. The calculation of alc?loo agrees with the data [31] for alloys with

xN; = 0-0.7. The excess free mixing energy of solid solution components at 1000 K reaches its maximum
AGY  =29klJ/mole near the equiatomic composition. The minimum excess mixing entropy is
ASp. =—1.2 J/(mole - K) at x; = 0.4.

The thermodynamic model of the (Cu, Ni) phase was used to calculate the miscibility gap. Figure 3 shows that
the calculated bimodal T, éiiu’Ni) agrees with most experimental data. The critical point is shifted toward nickel and has
coordinates such as 7 =605K and xy;=0.6. The binodal bends at the point intersecting the line of magnetic

transformation in the (Cu, Ni) phase, which is evidence of the substantial magnetic contribution to free energy. Figure 3
shows the spinodal T, (Cu.N o the (Cu, Ni) phase.

spin
Therefore, the thermodynamic description of the system can represent the entire range of the thermodynamic
properties of its phases and phase transformations, including low-temperature immiscibility of the solid solution. The
excess thermodynamic mixing functions of liquid alloys are characterized by symmetric concentration dependence
relative to the equiatomic composition. The maximum interaction in the (Cu, Ni) phase is observed in the region of nickel-
rich alloys.
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