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Abstract: A complete thermodynamic description of the Cu-Mg-Ni ternary system was carried out based on the
CALPHAD method. Ternary solubilities of the binary phases Mg,Cu, Cu;Mg, MgoNi and NixMg were
considered. The Gibbs energies of these semi-stoichiometric compounds were expressed by the compound-
cnergy formalism. Liquid and solid solution phases were described using the Redlich-Kister-Muggiani
formalism. The model parameters were evaluated using ThermoCalc software, utilizing the experimental data
available in the hterature including experimental thermodynamic functions and previousty established portions
of the phase diagram, such as isopleths and isotherms. Reasonable agreement was obtained between calculated
results and experimental information. © 2002 Published by Elsevier Science Ltd.

1. Introduction:

The present work is part of an effort to understand and possibly extend the Al-Cu-Mg-Ni system to
produce bulk amorphous aluminum alloys and understand subsequent devitrification. Amorphous alloys offer
the real potential for a dramatic improvement of the metallic alloy specific strength. Further, strength and
ductility may be increased by controlled partial recrystallization of the fully amorphous Al alloys.

The Al-Cu-Mg-Ni alloy system is of interest because some compositions can be quenched. by melt
spinning, into a fully amorphous phase presenting encouraging ductility [1]. The Ni element exerts a very
pronounced influence upon the glass formability, due to the unique atomic configuration between Al and Ni
atoms [1}.

The goal of this work is to provide a complete thermodynamic description of the Al-Cu-Mg-Ni system,
enabling a better understanding of the Ni effect and as a tool to predict phase transformations to control the
alloy microstructure during the recrystallization. In order to obtain a thermodynamic description of the
quaternary system, it is nccessary to {irst develop descriptions for the four ternary sub-systems.

The present paper is therefore concerned with the thermodynamic assessment of the ternary Cu-Mg-Ni
system. This assessment has been performed while insuring compatibility in phase modeling with the existing
thermodynannce description of the Al-Cu-Mg system developed by Buhler et al. [2], which is believed to be
reliable. Because of the lack of experimental data and the fact that we are mainly interested in Al-rich alloys,
the purpose of the present work is primarily to propose a description offering consistency between the
thermodynamic data and the suggested phase diagram.
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2. Review of experimental data available for the Cu-Mg-Ni system:
2.1. Binary subsystems:

The descriptions of the binary systems were taken from the literature. In Figs. 1-3 the three binary
systems are presented; there are four intermetallic compounds in addition of the solution phases (Liquid, FCC-
Al and HCP-A3).

The thermodynamic description of the Cu-Mg system was carried out by Coughanowr et al. [3], then
Buhler et al. [2, 4]. In their description, Cu;Mg was chosen to be a Wagner-Schottky type phase, taking into
consideration the range of homogeneity, and Mg>Cu as a stoichiometric compound (Fig, 1).

Complete assessment of the Mg-Ni system was performed by Jacobs and Spencer [S]. The Mg-Ni
system consists of the liquid, Mg,;Ni, Ni;Mg, and the terminal solid solutions HCP-A3 and FCC-A1 (Fig. 2).
Mg;Ni was treated as a stoichiometric compound, Ni;Mg with a narrow homogeneity range, and the solubility
of Mg in the FCC phase and Ni in the HCP phase were neglected.

The Cu-Ni phase diagram is an isomorphous one, with complete range of liquid and solid solution (Fig.
3). At low temperatures (just below 600 K), a miscibility gap is present. For the present work the assessment of
Jansson [6] was used.

2.2. Ternary system:

No ternary compounds were identified but important ternary solubilities of the binary compounds have
been reported in the literature. In this section, the critical experimental information is presented.

Phase diagram data:

The compounds present in the Cu-Mg and Mg-Ni sub-systems are extended to the ternary system.
Investigations of Koster [7] and Mikheeva and Babayan [8] suggested a complete series of solid solutions exist
in the Cu;Mg-Ni,Mg quasibinary and a continuous monovariant eutectic trough extends between the Ni-Ni;Mg
and Cu-Cu;Mg eutectics.

But work of Lieser and Witte [9], based on microscopic and electron microprobe analysis, indicates the
existence of a peritectic reaction between Cu;Mg and Ni;Mg. The same authors determined the solidus and
liquidus boundaries of the quasibinary Cu,Mg-Ni;Mg system and suggested that the solubility of Ni in Cu;Mg
is about 26 at.% and Cu in Ni;Mg about 25 at.%.

Fehrenbach et al. [10] reported that alloys homogenized at 1073 K and containing respectively 35 at.%
Ni, 48 Cu, 17 Mg, and 46 at.%Ni, 39 Cu, 15 Mg, consisted of three phases FCC-Al, Ni;Mg and Cu,Mg.
Microprobe electron analysis indicated a solubility of Cu in Ni;Mg of 3-5 at.%, much lower than claimed by
Lieser [9]. Also Fehrenbach et al. located the monovariant eutectic trough extending between the binary eutectic
Cu-Cu;Mg and Ni-Ni,Mg into the ternary alloy system for alloys containing up to 25 at.% Ni, and determined
liquidus and solidus boundaries along this eutectic trough using thermal analysis [10]. In the same work the
presence of a peritectic reaction in the Cu;Mg-Ni;Mg quasibinary system was confirmed by microscopy and
microprobe analysis, the solubility of Ni in Cu;Mg was reported at 20 at.%. In accordance with these
experimental results, they proposed four isothermal sections at 1003, 1073, 1081 and 1123 K.

Ipser et al. [11] also confirmed the presence of a peritectic reaction between Cu;Mg and Ni;Mg and
estimated the solubility of Cu in Ni;Mg to be 5% between 931 and 1203 K, as suggested previously by
Fehrenbach et al. [10]. Furthermore their results indicate that the Ni content in Cu;Mg must be higher than 22
at.%.

Karonik et al. [12] studied the phase equilibria at 673 K in the Mg-rich corner. Three phase equilibrium
was established that involves HCP, Mg,Ni and Mg,Cu. The maximum solubility of Cu in Mg,Ni was found at
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25 at.%, and the Ni in Mg,Cu did not exceed 3 at.%. The width of the ternary extension of Mg,Ni was
estimated to be not larger than 0.5 at.%. The solubility of Cu and Ni in HCP appeared to be negligible.

Results from Ipser et al. [11] are in very good agreement with those by Karonik [12]. Measurements
performed in the section with a content of 71 at.% Mg, indicated that the boundary between two-phase (HCP +
Mg;Ni) and three phase fields (HCP + MgNi + Mg,Cu) is at 22 at.% Cu for 723 K. Extrapolating to 66.7 at.%
of Mg, they obtained the limit of the solubility of Cu in Mg;Ni at 25 at.%. In addition, isopleths with
respectively constant Xc,/Xy; ratios of 2.0, 1.0 and 0.5 were constructed from differential thermal analysis, X-
ray diffraction and isopiestic vapor pressure measurements [11, 13-16]. From the experimental data, the authors
proposed the location of the monovariant reaction line on the liquidus surface and defined the four invariant
equilibria: the ternary eutectic I; at 753 K (L <& Mg;Ni + CuMg, + HCP) [11, 17], the four-phase reactions II,
at 1081 K (L + MgNi; & FCC + Cu;Mg) [11, 10], II; at 931 K (L + MgNi, <> Mg;Ni + CupMg) [11, 17] and
11 at 813 K (L + Cu,Mg < CuMg, + Mg,Ni) [11, 17].

Thermodynamic data:

T. Gnanasekaran et al. [13-16] determined the Mg activity at 1173 K over the Cu-Mg-Ni liquid alloys
along three isopleths with Xc/Xy; = 2.0, 1.0 and 0.5 from measurements of the Mg vapor pressures, using
isopiestic method.

Feuler et al. [18] measured the integral enthalpy of mixing of the ternary liquid Cu-Mg-Ni alloy at 1008
K for the following compositions: Cu.Nijx-Mg, Mg:Nij-Cu, CuMg.«-Ni, CuMgi..-Mgyes7Nig333 and
Cu,Ni;«-Mg.

Crystallographic data:

Firauf [19] provided the first determination of the face-centered cubic C15-type crystal structure of the
Cu;Mg phase, and the results were confirmed later by others studies [20-23].

Grime et al. [24] suggested that the crystal structure of Mg,Cu was hexagonal, but this result was
revealed incorrect. Reevaluation indicated that the true unit cell is orthorhombic [20, 25].

The hexagonal C36-type structure of Ni;Mg was reported by numerous authors in the literature [9, 23,
26-28). Laves and Witte [30] also determined the hexagonal C36-type structure of Ni;Mg and established the
similarity of the C15 and C36-type structure.

Mg,Ni exhibits hexagonal C16-type structure as reported by Schubert et al. [25] and Raynor et al. [29].

3. Thermodynamic models

3.1. Liquid, FCC-A1 and HCP-A3 solid solutions

The molar Gibbs energy of mixing is expressed by a sub-regular solution model using Muggianu’s [31]
formalism in which composition dependence is based on the Redlich-Kister equation. The molar Gibbs energy
for a solution phase ¢ is given by the formula:

Gf“ _HSER = rerGO + ide + st¢ (1)

and

GY =Y x,(°G? - HF® (298.15K)) @

“G* =RTinln(xi) 3)
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“G* _sz‘sz( (Xi -Xj)y)+xCungxNizz:(v‘L‘Cu,Mg,Nixv') 4

ij>i v'=0

where ™ G* is the contribution of the pure components, *G* is the ideal mixing contribution, *G* is the
contribution of the non-ideal interactions between the components; x; is the mole fraction of the constituent i (i

= Cu, Mg, Ni); °G? is the Gibbs energy of pure constituent i in the ¢ state; HF™ is the enthalpy of pure
constituent i in its stable state at T = 298.15 K; "L ; Tepresents the binary interaction parameters dependant on

the value of the Redlich-Kister coefficient v (0, 1, 2,...), they are taken from the constituent binary system [2, 4-
6]; ~ L‘c.,,m&m is the excess ternary interaction parameter, depending on the value of the coefficient v' (0, 1, 2:
respectively for the contribution of Cu, Mg and Ni). It takes the following form:

"Leumgni =a+b-T 5)

where a and b are constants to be evaluated for the solution phases Liquid and FCC-A1, from the experimental
data. Ternary interaction in HCP-A3 is not considered in this assessment since the solubility of Cu and Ni in
HCP Mg was reported to be negligible in the literature [11, 12].

3.2. Non-stoichiometric compounds:

The molar Gibbs energy of compounds exhibiting a homogeneity range is written as :

G? -H* = ™G* + “G* + *G* (6)
where for a two sublattices model:

UG =RT—1——(pZ yin('y; J+q) 2yiin(y, )) M
6 =TT vy %6 ®

p+q7

st¢ __[ZZZ Yi y1 yk |JR+ZZZ Y; y] Yk ljk] (9)
P+q\ T G5 i kj

°G}, =p°G! +q°G! +a+b-T (10

where i, j and k denote the elements (Cu, Mg, Ni) mixing on each sublattice (1 and 2); 'y; and ’y; are the
fractional site occupancy of the element i on first and second sublattices respectively; p and q are the molar

number of the sites in sublattice 1 and sublattice 2, respectively; L‘l . and L%, i denote interaction parameters of

mixing with the following form:
L'i,j:k = Zo( L‘x;k(xi - Xj)y)

"I! =a+b-T

1,3k

Mg,Cu and Laves-C16 Mg,Ni phases:

Mg,Cu and its extension in the ternary is described by the following sublattice model: (Mg)>(Cu,Ni).
With this model the compound energy formalism has one member for the ideal compound and two for the
hypothetical compounds. The parameter Gy, -2- Gy’ -Ge, , representing Mg,Cu in the binary system, is

taken from the assessment by Buhler et al. [2, 4]. The parameter Gﬁ:}ﬁi“ belongs to the hypothetical compound
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Mg;Ni in the structure of Mg;Cu, together with L’:A‘;{g":m describe the Mg,Cu phase along the section Mg,Cu-
Since not much phase diagram information is available for this phase, the parameter Gy is expressed
L-C16

as a function of G, by adding a positive value:
Gugni =2+Gugni
The same treatment is applied to describe the Laves-C16 Mg;Ni phase, with the following sublattice
model:  (Mg)(Cu,Ni). The parameter Gy is accepted from the binary system [5].
Gypew -2 Gy’ -Gol =a+Gyis) and "Li76  =a+b-T have to be evaluated from the experimental

information.

Laves-C15 Cu,Mg and Laves-C36 Ni,Mg phases:

Because L-C15 and L-C36 phases are present in the Al-Cu-Mg ternary system, the possibility to include
Al in their sublattice structure must be envisaged in order to extrapolate the present description to a higher order
system, such as the Al-Cu-Mg-Ni quaternary system. It is why L-C15 and L-C36 phase modeling has been
made consistent with the evaluation of the Al-Cu-Mg system done by Bubhler et al. [2, 4]. The sublattice is
described as follows: (Cu,Ni,Mg)>(Mg,Cu,Ni). The compound energy formalism has nine members for the ideal
and hypothetical compounds, and eighteen interaction parameters.

The parameters Gy, and LU0, describe the Laves-C15 phase along the section Cu,Mg-Ni;Mg,
They are adjusted to the available experimental data. The parameters G’;,,C,,}; , representing the Gibbs energy of

the metastable phase Ni;Mg in the Laves-C15 structure, is expressed with the same function as Gy,

determined by Jacobs et al. [5], with the addition of a positive number Also the interaction Cu-Ni was chosen to
be linearly temperature dependent:

Gy =2+Grag and Lg20, =a+b-T

All the others parameters are accepted from the literature or were fixed by assumption.

The parameters G,Z, -3-Gg~ and Gy -3-Gye describe the pure elements in the state of the
Laves-C15 phase, and their values are accepted from Buhler et al. [2, 4]. The same value was assumed
forGLC . 3. GEeC

Ni:Ni Ni o

Gl -2-G&C -GRC and GiGs -GEC -2-GISC represent fictitious compounds Cu,Ni and Ni,Cu in
the state of Laves-C15 phase, and since the atomic sizes of Cu and Ni are not very different, a value of 15000
J/mol is chosen for the parameters in analogy to the pure elements.

The parameters G, and Gyed, - GEC-2- Gy describe the Laves-C15 phase in the binary Cu-Mg
and are accepted from the thermodynamic assessment of Buhler et al. [2, 4].

The parameters G;Sj represent a highly hypothetical compound (antistructure atoms). In order to

insure its insignificance, the approach previously used by Buhler et al. [2, 4] is applied: the Gibbs energy of the
defects Ni antistructure atoms is Gy - Gyis» and Gyeas, - Grogre for the defect Mg antistructure atoms,
therefore:
Glth = Glst, + Gk -Gl
The homogeneity range of the Cu;Mg phase in the binary is controlled by Lie; v, and L), . These
parameters are accepted from Buhler et al. [2, 4].
The change of width of the homogeneity range of the Laves-C15 phase along the Cu,Mg-Ni,Mg section

is modeled by the parameters LG \; and L\, . Since no data are available in the literature, the adjustment
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of these parameters is not possible and they are taken equal to those of the Laves-C36 Ni;Mg phase, which were
optimized by Jacobs et al. [5].

All other interactions are less significant and are assumed independent of the occupation of the non-
interacting site or expressed as a function of others:

L]-C-lf)’*lsi:Cu = Lléf,;lsi:Ni = a’ +Ll€f.;lsi:Mg = a’ ta+ b T
and

L[E\?(I?fl,Mg = L];/-l(g:gu.Mg = Ll;‘;lc‘éi,Mg

L]Ef,rl:gfu = LLEf,;:g:Mg = LIE:;:ENI

Léemn = Ligagni = Liings

Ll{tg,l:lifu = L[}q(g:.l;i:Mg = L]iﬁ,lxji:m

Because of their relative unimportance and the fact that no assumptions could be made, the parameters
L tuni» Ligoun and LG | were ignored and fixed equal to zero.

The same treatment is performed for the Laves-C36 Ni,Mg phase, with the sublattice model:
(Cu,Mg,Ni)z(Cu,Mg,Ni). The following parameters are adopted from the literature:

Ging» Grigni» Gragaegr Oxins 5]

L vtgms i Livig i > Lngginsg» Dhagnin (51

Geume> Guigen Ocicu [2,4]

Lcwcums> Lisgcums» Loumpens Loumgms (2,4]

and the following parameters are fixed by making the same assumption as above:

LlE.S?:?.,Mg = L,;v-igzsgu.Mg = Llﬁfcaz,Mg

Llafi:gcu = nguc,idsg:Mg = LIEE:\:@NI'

LlE-xc:::g,Ni = LLr;lizzr:g,Ni = LIQS:AZ,M

Llﬁg.srgi:cll = L;S:i:m = LLM?r:i:Ni

For the L-C36 Ni;Mg phase, only LiGy,, Liie and LN, have to be evaluated from the
experimental data:

L‘E\S;?:Cu = L’Ef,:fi:Ni = a, +LLC-|(|:,:16|M3 = a’ tat bT

In the next section the procedure for evaluation of the parameters a, a’ and b of the previous expression
of G and L is presented.

4. Evaluation of the thermodynamic parameters:

All the experimental results selected to evaluate the parameters of the thermodynamic models for the
Gibbs energy of individual phases are summarized in Tables 1-4. The parameters were evaluated using the
PARROT [32] module in Thermocalc [33]. This software allows the introduction of a great variety of
experimental data in the optimization. The program works by minimizing the square of error sum between
calculated and experimental data values.

The parameters representing the ternary interaction in the liquid phase are optimized first, by fitting Mg
activity and enthalpy of mixing measurements [13-18]. Given that no ternary compounds are present in this
system, the model parameters for the other phases are evaluated by sequence, starting with the Cu-Cu,Mg-
Ni;Mg-Ni region. The parameters of the L-C15, L-C36 and FCC phases are manually adjusted and then
optimized according to the experimental data selected for this region. The thermodynamic description of the L-
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C16 and Cu,Mg phases are developed by fitting the experimental data selected in the region Cu;Mg-Mg-Ni:Mg.
Due to the lack of experimental data, some parameters have to be manually readjusted after optimization in
order to improve the overall agreement between calculated and experimental data values.

5. Results and discussion:

The parameters evaluated in the present description of the Cu-Mg-Ni system are listed in the appendix.
The thermodynamic description of the three pure elements (Cu, Mg, Ni) are taken from Dinsdale [34]. Figure 4
illustrates the liquidus projection and the monovariant reaction line calculated using the present evaluation. In
the same figure, measurements by Fehrenback et al. {10] of the monovariant eutectic trough, extending between
the binary eutectic Cu-Cu;Mg and Ni-Ni,Mg, are plotted. A deviation between calculated and measured values
is apparent when Ni concentration increases. This could be because higher weight was given to the data
concerning the Mg activity and mixing enthalpy in the liquid, assumed to be more reliable. It can be seen, from
Figs. 5-10, that the various measured Mg activities and enthalpy of mixing in the liquid are reproduced with
reasonable agreement. The values of the ternary interaction parameters of the liquid phase indicate an unequal
contribution of each element. With an attractive contribution of Mg and repulsive for Cu and Ni, the iso-Gibbs
energy curves for the liquid Cu-Mg-Ni alloys must be shifted to the Mg-rich corner. Similar asymmetry was
previously noticed by Gnanasekara et al. [15]; using the formalism of Bonnier and Gaboz [35], they found
comparable results as those above in terms of the sign of each contribution.

The calculated temperatures and compositions of the phases at the invariant reactions are listed and
compared to the experimental data in Table 4. Reasonably good agreement is obtained for the calculated
temperatures as well as for the compositions. The reaction sequence elaborated by Fehrenbach et al. [10] is well
reproduced. 1f the match is almost perfect for the class I reaction, the calculated liquid composition differs by a
maximum of 20% for the Mg and Cu concentration at the reactions II;, II; and Il3, according the compilation by

Chang et al. [17]. However, since 1956 no study was performed to confirm or improve the estimation by
Mikheeva et al. [8].

Calculated isopleths for X(Cu)/X(Ni) = 2, 1 and 0.5 are shown in Figs. 11-13. Good agreement is
observed between calculated liquidus temperatures and experimental data. Furthermore most of the
experimental points, such as phase field limits and invariant reactions, are reasonably reproduced. However, the
calculated liquidus for X(Mg) = 0.71 (Fig. 14) presents an unexpected shoulder up to 10 % Mg (mole fraction),
and the L-C36 and L-C15 phases, when extended in the ternary description (Fig. 11-13), appear to be less stable
at high temperature than indicated by Ipser et al. {11].

According to Ipser et al. [11] the phase field (L-C36 + L-C16) shows up in the isopleth section at
X(Cu)/X(Ni) = 1, confirming the results compiled by Chang et al. [17] that the L-C36 phase is in equilibrium at
931 K with the L-C16 phase containing up to 21 % Cu (mole fraction). Given the work of Buhler et al. [2, 4]
and Jacobs et al. [5], only one significant parameter can be adjusted in the present work for the L-C36 phase:
L'y, - Since the ternary solubility of L-C36 is well established, the window to adjust this parameter is
narrow. The problem is similar for the L-C16 phase for which only two adjustable parameters are available. In

order to respect the above experimental results, a sub-regular term 'Li;;'c"u‘m has to be introduced, allowing to

stretch the phase field (L-C36 + L-C16) up to 17.3 at.% Cu in the L-C16 phase around 900 K. But by doing
this, the agreement with the experimental liquidus temperature data at X(Mg) = 0.71 is deteriorated. This choice
was made since only few experimental compositions were investigated on the liquidus [11] and because the
temperature and composition were not given in the original publication, but had to be read out from the figure,
which introduces a significant uncertainty.

For the L-C36 phase, as indicated above, only one adjustable parameter remains to reproduce two
properties: its stability at high temperature and its ternary solubility. Since the latter property is well reported to
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be small by several authors [10, 11], more importance was given to it, which explains the lack of stability of L-
C36 at high temperature.

For the L-C15 phase, the problem is to obtain the important temary solubility [10, 11] and, at the same
time, to narrow the phase field in which it is involved with the FCC phase [10]. Indeed, based on the analyses of
two alloy compositions (35 at.% Ni, 48 Cu, 17 Mg, and 46 at.% Ni, 39 Cu, 15 Mg,) homogenized at 1073 K,
Fehrenbach et al. [10] fixed the corners of the three-phase triangle involving L-C15, L-C36 and FCC.
Considering these measurements very reliable, great importance was attached to reproduce them. In order to
maintain both above alloys in the ternary triangle and to allow significant solubility of Ni in L-C15 (Fig. 15),
the stability of the L-C15 phase has to be limited, even with the introduction of a sub-regular parameter for the
Cu-Ni interaction in the first sublattice.

Calculated isothermal sections at 1073 K and 673 K are presented in Figs. 15 and 16 respectively. It can
be seen that the ternary solubility of the L-C16, Mg,Cu, L-C15 and L-C36 phases is well reproduced, as well as
the location of the ternary phase triangle proposed by Fehrenbach and al. [10] and Karonik and al. [12].

6. Summary:

A self-consistent thermodynamic description for the complete Cu-Mg-Ni ternary system is presented.
The Laves phases are evaluated based on the work done by Buhler et al. [2, 4], insuring a total compatibility
with their description of the Al-Cu-Mg system in order to extrapolate the present description to the Al-Cu-Mg-
Ni system. Overall reasonable agreement is obtained between calculated and available experimental data.
Calculated ternary solubility of the binary compounds is satisfactorily reproduced, as well as Mg activity and
enthalpy of mixing in the liquid phase. Various isoplethal and isothermal sections are calculated and
demonstrate good consistency with the literature. However, further experimental data are necessary in order to
obtain a more reliable thermodynamic description of the Cu-Mg-Ni system.
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Appendix
Thermodynamic parameters for the Cu-Mg-Ni system.
*. indicates coefficient evaluated in the present work.
**: indicates coefficient fixed by assumption.

Liquid, sublattice model: (Cu,Mg,Ni)

LY, =-36984+4.75612- T 2.4
L8, =-8191.29 -
Opte L =11760+1.084-T ”
'L =-1671.8 ”
L =-50910+25.79995- T 5

'LhA | = -14989.95+1324788 T o
‘ LLcij.Mg..\‘i =15000 :
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L i =-25000
: Lz(‘:.,\'lg.,\'i =10000

FCC-A], sublattice model: (Cu,Mg,Ni)(Va)

"L eve = -22279.28+5.868 - T
TNy, = 8366+2.802- T

T v, = -4359.6+1.812-T

" Lipxiva = 50000

"L eiva =-30000

'Ly mgnive = 10000

Lo =130000

HCP-A3, sublattice model: (Cu,Mg,Ni)(Va)
"L v, =8366+2.802-T

) L!.‘::Ni:\/a = 50000

Mg:Cu phase, sublattice model: (Mg),(Cu,Ni)

Guira -2-Gyy’ -G, =-28620+1.85973-T

Gy =-55691.2+415.47933- T - 74.8062 - T - InT - 4.6155-10" - T? + 401415 - T"'
CLYe =-25000436.28-T

Mg:Cu, Nt

Laves C-16 Mg;Ni(Cu) phase, sublattice model: (Mg),(Cu,Ni)
G = -60961.2+415.47933-T - 74.8062- T - InT - 4.6155-10" - T? + 401415 - T""

GLe .2.GIT . GFC = 23720+1.85973- T
"L o =-10000-4.3-T
'Ly = -17800

Laves C-15 Cu,Mg phase, sublattice model: (Cu,Mg,Ni)»(Cu,Mg,Ni)
Gl -3-GEC =15000

Gga, - 3-Gyy =15000

GU% -3 G =15000

Gy = -54690.99+364.73085 - T - 69.276417 - T - InT - 5.19246-10* - T2
+143502-T" -5.65953-10° . T°

G - 2GSl -GS =104970.96 -16.46448* T

Gle -2-GRC -GS =15000

Gy -Gl -2-GEC =15000

Gy =60165.38+441.81039-T-77.394-T - InT - 7.39488-10° - T? +334726.5- T"
Glien = Gugare + Grini -Gy

LS, =13011.35

71

(2, 4]
(6]
(6]
(5]

6]
(5]

(2,4]

(2,4]
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oLt . =13011.35

Cu.Mg:Mg

opLCs L =13011.35

Cu,Mg:Ni

O[LCI 650945

Cu:Cu,Mg

0 LL-CIS =6599.45

Mg:CuMg

OpLCS = 6599.45

Ni:CuMg

OLLCIS  —_10040.39007 + 59.88549 - T

Mg, Ni:Cu

opLels  =-10040.39007 + 59.88549 - T

Mg, Ni:Mg

OLLC  _ _10040.39007 + 59.88549 - T

Mg, Ni:Ni
0 L[EE:JIS&M =30300
PLECE  ~30300

Cu:Mg,Ni

OpLCl | =30300

CuMg,Ni

oLl - .34150+17.5-T

Cu,Ni:Mg

TLLC 2000

Cu,Ni:Mg

L e ="Linn =4850+17.5-T

Laves C-36 NiMg phase, sublattice model: (Cu,Mg,Ni),(Cu,Mg,Ni)

GEe -3.GEC =15000
GLC® 3. G{i" =15000

Mg:Mg

G;}Sjib -3. G;":C =15000

GLSY =-34690.99 +364.73085- T -69.276417 - T-InT - 51924610 - T?

+143502-T" -5.65953-10° - T°

GLC 2. G - GFS =84970.96-16.46448* T

GES%-2.GEEC -G© =15000
G580 - GIC -2.GEC =15000

GLS = ~74065.38 + 441.81039 - T-77.3994- T+ InT - 7.39488-10° - T* +334726.5- T"

GLS 9 -G;;C: _GL?C =3000

Mg:Ni
oLLCe . =13011.35
OLLS ., =13011.35
OLLSe . =13011.35
oLk |, = 6599.45
OLYCH e = 6599.45
oLkae . =6599.45

OLLC®  _ _10040.39007 + 59.88549 - T

Mg, Ni:Cu

opeee . =-10040.39007 + 59.88549- T

Mg, Ni:Mg

OLLCH 1004039007 + 59.88549- T

Mg, Ni:Ni

OLLCe | =30300

Cu:Mg,Ni

(2. 4]
(2. 4]
(2,4]

* %

*%k

{5]

{2,4]
[2.4]
{2, 4]
[2,4]

*%

*%
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*Lhgwigni = 30300 "
"Ll = 30300 -
LS e =-78000+22.0- T .
OLLCH  =CLLCE . =48035+22.0-T ,

W
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Table 1: Summary of phase diagram investigations

Compositionregion T (K) Ref.
5 experimental assessed Cu-Cu,Mg-Ni;Mg-Ni 1003, 1073, 1081 10
isothermal sections region and 1123
Mg-Mg,Cu-Mg,Ni 673 12
4 experimental assessed Xeo/Xni=2.0, 1.0 and 673 - 1400 11, 16
isopleths 0.5, and Xj=0.71
1 experimental quasibinary Cu,Mg - Ni;Mg 1000 - 1450 9
(only the liquidus)
1 eutectic trough extended Up to 25 at.% Ni 1001 - 1121 10

from the binary Cu-CuzMﬁ

Table 2: Summary of experimental thermodynamic data

Quantity Phase Experimental T (K) Composition Ref.

measured method

Mg activity Liquid Isopiestic 1173 Whole range of composition for 3 13, 14,
(Mg vapor isopleths Xcu/Xni=2.0, 1.0 and 0.5 15, 16
pressure)

Integral Liquid DSC 1008  Whole range of composition for 18

enthalpy of Cu,Ni; -Mg, Mg,Ni; -Cu,

mixing Cu,Mg_,-Ni, Cu,Mg,_,-

Mg 667Nio 333 and CuxNij-Mg.

Table 3: Crystallographic structure and ternary solubility of the binary phases in the Cu-Mg-Ni system

Phase Crystallography Ref. T K) Solubility Range  Ref.
Structure Space / Group
Mg,Cu  Orthorhombic / Fddd 20,25 | 540 1 at.% Ni 11
673 <2at.%Ni 12
Mg Ni  Hexagonal C16/P6,22 25,29 | 673 25 at.% Cu 12
723 25 at.% Cu 11
813 >22at.% Cu 1
Cy;Mg FCCCI15/Fd3m 20-23 [ above 700 >22 at.% Ni 11
973 20 at.% Ni 10
Ni;Mg  Hexagonal C36/ 9,23 931 - 1203 5 at.% Cu 11
P6,/mmc 26-28 | 1073 3-7at.%Cu 10
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Table 4: Invariant liquidus reactions.

Class Phases Experiments Present Calculation
TK) Composition at.%  Ref. TX) Composition at.%
Cu Mg Ni Cu Mg Ni
I, Liquid 753 15 84 1 11,17 760.1 154 83.7 0.9
HCP 0 100 0 0 100 0
Mg,Ni (L-C16) 25 67 8 248 66.7 8.5
Mg,Cu 32 67 1 325 66.7 0.8
1L Liquid 1081 65 20 15 11,10 1106 589 246 16.5
Cu,Mg (L-C15) 45 32 23 42.0 314 266
Ni,Mg (L-C36) 5 32 63 7.8 323 599
FCC 72 5 23 51.6 36 448
1L, Liquid 931 25 67 8 11,17 9328 319 571 110
Ni,Mg (L-C36) 5 34 61 7.5 336 589
Mg,Ni (L-C16) 21 67 12 173  66.7 16.0
Cuy,Mg (L-C15) 41 34 25 41.8 342 240
11, Liquid 813 29 68 3 11,17 8260 39.7 597 0.6
Cu,Mg (L-C15) 65 35 0 634 357 0.9
Mg,Ni (L-C16) 25 67 8 250 66.7 8.3
Mg,Cu 32 67 1 327 667 0.6
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Temperature K
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Figure 1: The Cu-Mg phase diagram calculated from the thermodynamic description by Buhler et al. [2, 4].
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Mole fraction Ni

Figure 2: The Mg-Ni phase diagram calculated from the thermodynamic description by Jacobs et al. [5].
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1800 l ' ' L
Liquid

1600 - -
1400 -

1200 L
FCC

Temperature K

1000 L

800 - o

600 T T T T
0] 0.2 04 0.6 0.8 1.0

Mole fraction Ni

Figure 3: The Cu-Ni phase diagram calculated from the thermodynamic description by Jansson [6].

~ ~ ~ 7 Ni
Cug 0.2 04 0.6 0.8 1.0
Mole fraction Ni

Figure 4: Calculated liquidus projection with symbols representing the composition of the experimental [10]
monovariant eutectic trough extending between the binary eutectic Cu-Cu;Mg and Ni-Ni,Mg.
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Figure 5: Mg activity at 1173 K for X(Cu)/X(Ni)=2 according to the present description, compared with the
experimental data from the literature [13-16].
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Figure 6: Mg activity at 1173 K for X(Cu)/X(Ni)=1 according to the present description, compared with the
experimental data from the literature [13-16).
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Figure 7. Mg activity at
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1173 K for X(Cu)/X(Ni)=0.5 according to the present description, compared with the

Enthalpy of mixing kJ/mol

experimental data from the literature {13-16}.
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Figure 8: Calculated enthalpy of mixing in the liquid phase at 1008 K. from the present work, compared with the

experiments by Feufel et al. [18].
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Figure 9: Calculated enthalpy of mixing in the liquid phase at 1008 K from the present work, compared with the
experiments by Feufel et al. {18].
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Figure 10: Calculated enthalpy of mixing in the liquid phase at 1008 K from the present work, compared with
the experiments by Feufel et al. [18].
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81

Figure 11: Calculated isopleth for X(Cu)/X(Ni)=0.5, compared with the experimental data by Ipser et al. [11].
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Figure 12: Calculated isopleth for X(Cu)/X(Ni)=1, compared with the experimental data by Ipser et al. [11].
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Figure 13: Calculated isopleth for X(Cu)/X(Ni)=2, compared with the experimental data by Ipser et al. [11].
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Figure 14: Calculated isopleth for X(Mg)=0.71 at.% , compared with the experimental data by Ipser et al. [11].
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Mole fraction Ni

Figure 15: Calculated isothermal section at 1073 K, compared with the experimental data from ref. [10].
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Figure 16: Calculated isothermal section at 673 K,



