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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 Mg2Cu, Cu2Mg, Mg2Ni and Ni,Mg were 
considered. The Gibbs energies of  these semi-stoichiometric compounds were expressed by the compound- 
cncrgy fornmlism. Liquid and solid solution phases were described using the Redlich-Kister-Muggiani 
lbrnlalism. Thc model parameters were evaluated using ThermoCalc software, utilizing the experimental data 
available in the literature including experimental thermodynamic functions and previously established portions 
of the phase diagram, such as isopleths and isotherms. Reasonable agreement was obtained between calculated 
resuhs and experimcntal information. © 2002 Published by Elsevier Science Ltd. 

1. Introduction: 

The prcsent work is part of an effort to understand and possibly extend the AI-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 AI alloys. 

The A1-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 fonnability, due to the unique atomic configuration between AI and Ni 
atoms [1]. 

The goal of this work is to provide a complete thermodynamic description of the AI-Cu-Mg-Ni system, 
enabling a belter undcrstanding of the Ni effect and as a tool to predict phase transformations to control the 
alloy microstructurc during the rccrystallization. In order to obtain a thermodynamic description of the 
quaternary system, it is necessary to first develop descriptions for the four ternary sub-systems. 

The present paper is therefore concerned with the thermodynamic assessment of the ternary Cu-Mg-Ni 
systcm. This assessment has been performed while insuring compatibility in phase modeling with the existing 
thermodynanfic description of the A1-Cu-Mg system developed by Buhler et al. [2], which is believed to be 
reliable. 13ccause 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 
dlcrmodynamic data and the suggcsted 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- 
A1 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, Cu2Mg was chosen to be a Wagner-Schottky type phase, taking into 
consideration the range of  homogeneity, and Mg2Cu as a stoichiometric compound (Fig. 1). 

Complete assessment of  the Mg-Ni system was performed by Jacobs and Spencer [5]. The Mg-Ni 
system consists of the liquid, Mg2Ni, Ni2Mg, and the terminal solid solutions HCP-A3 and FCC-A1 (Fig. 2). 
Mg2Ni was treated as a stoichiometric compound, Ni2Mg 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 Cu2Mg-Ni2Mg quasibinary and a continuous monovariant eutectic trough extends between the Ni-Ni2Mg 
and Cu-Cu2Mg eutectics. 

But work of Lieser and Witte [9], based on microscopic and electron microprobe analysis, indicates the 
existence of  a peritectic reaction between Cu2Mg and Ni2Mg. The same authors determined the solidus and 
liquidus boundaries of the quasibinary Cu2Mg-Ni2Mg system and suggested that the solubility of Ni in Cu2Mg 
is about 26 at.% and Cu in Ni2Mg 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-A1, Ni2Mg and Cu2Mg. 
Microprobe electron analysis indicated a solubility of  Cu in Ni2Mg 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-Cu2Mg and Ni-Ni2Mg 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 Cu2Mg-Ni2Mg quasibinary system was confirmed by microscopy and 
microprobe analysis, the solubility of Ni in Cu2Mg 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 Cu2Mg and Ni2Mg and 
estimated the solubility of Cu in Ni2Mg 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 Cu2Mg 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, Mg2Ni and Mg2Cu. The maximum solubility of  Cu in Mg2Ni was found at 
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25 at.%, and the Ni in Mg2Cu did not exceed 3 at.%. The width of the ternary extension of Mg2Ni 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 + 
Mg2Ni) and three phase fields (I-ICP + Mg2Ni + Mg2Cu) 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 Mg2Ni at 25 at.%. In addition, isopleths with 
respectively constant Xc,/XNi ratios of 2.0, 1.0 and 0.5 were constructed from differential thermal analysis, X- 
ray diffraction and isopiestie 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 I1 at 753 K (L ¢~ Mg2Ni + CuMg2 + HCP) [11, 17], the four-phase reactions lit 
at 1081 K (L + MgNi2 ¢~ FCC + Cu2Mg) [11, 10], II2 at 931 K (L + MgNi2 ¢~ Mg2Ni + Cu2Mg) [11, 17] and 
II3 at 813 K (L + Cu2Mg ¢~ CuMg2 + Mg2Ni) [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 Xcu/XNi = 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: CuxNil.x-Mg, MgxNil.x-Cu, CuxMgl-x-Ni, Cu~Mgl-~-Mg0.667Ni0.333 and 
CuxNil.x-Mg. 

Crystallographic data: 

Firauf [ 19] provided the first determination of the face-centered cubic C15-type crystal structure of the 
Cu2Mg phase, and the results were confirmed later by others studies [20-23]. 

Grime et al. [24] suggested that the crystal structure of Mg2Cu 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 Ni2Mg was reported by numerous authors in the literature [9, 23, 
26-28]. Laves and Witte [30] also determined the hexagonal C36-type structure of Ni2Mg and established the 
similarity of the C15 and C36-type structure. 

Mg2Ni 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 sofid 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 Redlieh-Kister equation. The molar Gibbs energy 
for a solution phase ~b is given by the formula: 

G~ -H sER = ~fG # + laG# + '~G # (1) 

and 

,a G* = ~ x~ (o G~- H sER (298.15K)) (2) 
i 

,d G' -- R T Z  x,ln(x,) (3) 
i 
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n 2 
v # v' # 

x s o ' - ~ E E x i x j E  ( Li.j(x, -Xj)V)q-XCuXMgXNiE( I.~cu.ldg.NiXv. ) (4) 
i j >i v--0 v'=0 

where Tee G t is the contribution of  the pure components, idG* is the ideal mixing contribution, X~G* is the 
contribution of  the non-ideal interactions between the components; xi is the mole fraction of  the constituent i (i 
= Cu, Mg, Ni); °G~ is the Gibbs energy of  pure constituent i in the d~ state; H sER is the enthalpy of pure 

v # constituent i in its stable state at T = 298.15 K; Lij represents 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~u.M~s ~ is the excess ternary interaction parameter, depending on the value of  the coefficient v' (0, 1, 2: 

respectively for the contribution ofCu, Mg and Ni). It takes the following form: 

Lc~Mg, N i = 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 : 

, SER ,d G * G m -H = ~YG* + + X~G* 

where for a two sublattices model: 

idG~ = RT p+ql (p i ~ I y '  in(l y '  )+ q E  2 yi ln(2 yi ) ) i  

"rG* 1 E E , y  , .j--,:j = 2V.0G~. 
P + q  i j 

= y, Yj Ykl'~i.j:k YkLi:j.k =G* P + q  i j k>j 

°G~j =p°G~ +q°G~ + a + b . T  

(6) 

(7) 

(8) 

(9) 

(10) 

where i, j and k denote the elements (Cu, Mg, Ni) mixing on each sublattice (1 and 2); lyi and 2yi 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~.~k and L*i:j.k denote interaction parameters of 

mixing with the following form: 

L',,k -- (v L',,k (x,-x,/v) 
v=0 

v # L,,j: k = a + b. T 

Mg~Cu and Laves-C16 Me~_Ni phases: 

Mg2Cu and its extension in the ternary is described by the following sublattice model: (Mg)2(Cu,Ni) 
With this model the compound energy formalism has one member for the ideal compound and two for the 

c-Mg~cu -2.  ~HcP ~Fcc representing MgaCu in the binary system, is hypothetical compounds. The parameter ~Mg:Cu ~Mg -~Cu ' 

taken from the assessment by Buhler et al. [2,4]. The parameter r'Mg'Cu belongs to the hypothetical compound Mg:Ni 
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Mg2Ni in the structure of  Mg2Cu, together with LUM~'C~N~ describe the Mg2Cu phase along the section Mg2Cu- 

Mg2Ni. 
Since not much phase diagram information is available for this phase, the parameter ~Mg,C, is expressed ~Mg:Ni  

as a function of r'L-Cl6 by adding a positive value: Mg:Ni 

GMg2Cu L-Cl6 
Mg:Ni = a + GMg:N i 

The same treatment is applied to describe the Laves-C16 Mg2Ni phase, with the following sublattice 
model: (Mg)z(Cu,Ni). The parameter ~L-C~6 is accepted from the binary system [5]. ~ Mg:Ni 

v L-CI6 
GMg:C uL-CI6 _ ,~ .~vHCP _ ~ F C C _  ~ M g  ~ C u  = ~a'(-~vMg2Cu-- ~Mg:Cu and LMg:Cu, Ni = a + b . T  have to be evaluated from the experimental 

information. 

Laves-C15 Cu2=Mg and Laves-C36 Ni2Mg phases: 

Because L-C 15 and L-C36 phases are present in the AI-Cu-Mg ternary system, the possibility to include 
A1 in their sublattice structure must be envisaged in order to extrapolate the present description to a higher order 
system, such as the A1-Cu-Mg-Ni quaternary system. It is why L-C15 and L-C36 phase modeling has been 
made consistent with the evaluation of  the A1-Cu-Mg system done by Buhler et al. [2, 4]. The sublattice is 
described as follows: (Cu,Ni,Mg)z(Mg,Cu,Ni). The compound energy formalism has nine members for the ideal 
and hypothetical compounds, and eighteen interaction parameters. 

L-CI5 The parameters _r- LmSNi:sg and Lc~N~:ug describe the Laves-C15 phase along the section Cu2Mg-Ni2Mg. 

They are adjusted to the available experimental data. The parameters r'L'C~S representing the Gibbs energy of Ni:Mg ) 

L-C36 the metastable phase Ni2Mg in the Laves-C15 structure, is expressed with the same function as GN~:Mg , 

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: 

L-CI$ L-C36 i L-CI5 
GNi:Mg = a + GNi:Mg and = a + b. T ~Cu,  Ni:Mg 

All the others parameters are accepted from the literature or were fixed by assumption. 
L-CI5 FCC ~ L - C I 5  ~ HCP The parameters Gcu:c" -3 .Gc ,  and ~Mz:Mg -3" ~Mg 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 
~] ~ L-CI5 ~ ~ F C C  
o r l o N i : N i  - ~ " ~ N i  • 

L-C15 (~TFCC _ ~ F C C  ~ L - C I 5  FCC ~ F C C  
GC..N ~ - 2"~c.  ~ i  and ~Ni,c. -Gc.  - 2. ~Ni represent fictitious compounds Cu2Ni and NiECu in 

the state of  Laves-Cl 5 phase, and since the atomic sizes of Cu and Ni are not very different, a value of 15000 
J/tool is chosen for the parameters in analogy to the pure elements. 

The parameters ~L-C~5 and ~L-CtS FCC HCP ~Cu;Mg ~Mg:Cu -Gc,  -2"GMg 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 ~M~:Nir'L'C~5 represent a highly hypothetical compound (antistructure atoms). In order to 

insure its insignificance, the approach previously used by Buhler et ai. [2, 4] is applied: the Gibbs energy of the 
L-CI5 _ ~ L - C I 5  and ~L-CI5 .~L-CI5 for the defect Mg antistructure atoms, defects Ni antistructure atoms is GN~:N ~ ~Ni:Mg, ~Mg:Mg ~Ni:Mg 

therefore: 
GL-C~5 L-C~S L-CI5 ~L-C15 

Mg:Ni ~ e M g : M g  + GNi:Ni - ~Ni :Mg 

The homogeneity range of the Cu2Mg phase in the binary is controlled by iL-mS and L-C~S ~ Cu:Cu, Mg LCu.Mg:Mg. 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 Cu2Mg-Ni2Mg section 
L-CI5 L-CI5 • is modeled by the parameters LNi:Mg.N i and LMg.Ni:Mg. 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 Ni2Mg 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~Si:c. = L~C~,]:Ni =a '  +L~:~L',:M. = a ' +  a + b  T 

and 
LL-C15 = LL-Cl5 : I L - C I 5  

Cu:Cu, Mg Mg:Cu,Mg ~ Ni.'Cu, Mg 

L~-C~5 = I L - C I 5  = i L-CI5 
u, Mg.'Cu ~ C u ,  Mg:Mg ~ e u ,  Mg:.Ni 

LL-c15 = TI.-cls = lJ.-cl5 
Cu:Mg,Ni ~ Mg:Mg, Ni ~ Ni:Mg.Ni 

L~C,~i<:~ = L~C.'NSi:M, = L~C.INSi:N, 

Because of their relative unimportance and the fact that no assumptions could be made, the parameters 
L-CI5 L L'c15 L L'cts and  LNi~zu, Ni were ignored and fixed equal to zero. Cu:Cu.Ni ) Mg:Ct), Ni 

The same treatment is performed for the Laves-C36 Ni2Mg phase, with the sublattice model: 
(Cu,Mg,Ni)2(Cu,Mg,Ni). The following parameters are adopted from the literature: 

L-C36 ~ L - C 3 6  ~ L - C 3 6  ~ L - C 3 6  [ 5 ]  
G Ni:Mg, ~ Mg:Ni,  ~ Mg:Mg,  ~ Ni:Ni 

L~C~M~,.~i, L~C~N:, L~C~i:M,, L~c3~I:N: [5] 
GL-C36 nL-C36 ¢,L-C36 [2,4] 

Cu:Mg ' ~ M g : C u  ' ~ C u : C u  

and the following parameters are fixed by making the same assumption as above: 
L-C36 ~_. T L-C36 ~ ]" L-C36 

LCu:Cu, Mg ~Mg:Cu,  Mg ~ Ni:Cu,Mg 

LL-C36 = T L-C36 : ]- L-C36 
Cu,Mg:Cu ~ Cu, Mg:Mg ~ C u ,  Mg:Ni 

LL-C36 = TL-C36 ~ TL-C36 
Cu:Mg, Ni ~ Mg:Mg, Ni ~ Ni:Mg, Ni 

For the L-C36 n i2Sg  phase, only L~c~:M,, L~'C~..c, and L~'C~:Ni have to be evaluated from the 

experimental data: 
= L %i = a' + = a' + a + b . T  

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 Thennocalc [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-Cu2Mg- 
Ni2Mg-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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CI 6 and Cu2Mg phases are developed by fitting the experimental data selected in the region Cu2Mg-Mg-Ni2Mg. 
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-Cu2Mg and Ni-Ni2Mg, 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. If 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 lit, 112 and 113, 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-CI 5 phases, when extended in the ternary description (Fig. 11-13), appear to be less stable 
at high temperature than indicated by Ipser et al. [l 1]. 

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-CI6 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: 
fi i -( "30 

L , u ~ g .  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-CI 6 phase for which only two adjustable parameters are available. In 
order to respect the above experinaental results, a sub-regular term ~ L Lc~6 has to be introduced, allowing to 

M g : C u ,  Ni 

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-CI5 phase, the problem is to obtain the important ternary 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 I, 
the stability of the L-C 15 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-C 16, Mg2Cu, L-C 15 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. [I 2]. 

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 A1-Cu-Mg system in order to extrapolate the present description to the A1-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) 
0 Liq Lcu.M g = -36984 + 4.75612. T 

I Ltcqum = -8191.29 

° Ltiq = 11760+1.084.T Cu.Ni 

t L~q.~i = -1671.8 
0 Liq LMg.x i = -50910 + 25.79995- T 

i Lt.iq = -14989.95 + 1324788" T Mg.Ni 

0 Liq Lcu, Mg,X i = 15000 

[2, 4] 

[2, 4] 

[6] 
[6] 

[5] 

[5] 
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I l iq  
L( ,, ,.~.~i = - 2 5 0 0 0  

2 1 
t.('~ ~.l~.x i = 1 0 0 0 0  
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Table I: Summary of phase diagram investigations 

5 experimental assessed 
isothermal sections 

4 experimental assessed 
isopleths 

1 experimental quasibinary 
(only the liquidus) 

1 eutectic trough extended 
from the binar~ Cu-Cu2M~ 

Composition re~ion T (K) Ref. 
Cu-Cu2Mg-Ni2Mg-Ni 1003, 1073, 1081 10 
region and 1123 

Mg-Mg2Cu-Mg2Ni 673 12 

Xc~XNr=2.0, 1.0 and 673 - 1400 11, 16 
0.5, and XMg--0.71 

CuzMg - Ni2Mg 1000 - 1450 9 

Up to 25 at.% Ni 1001 - 1121 10 

Table 2: Summary of experimental thermodynamic data 

Quantity Phase Experimental T (K) Composition Ref. 
measured method 
Mg activity Liquid Isopiestie 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 
enthalpy of 
mixing 

Liquid DSC 1008 Whole range of composition for 18 
CuxNil-x-Mg, MgxNi~_x-Cu, 
CuxMgl-x-Ni, CuxMgl-x- 
M~0.667Ni0.333 and CuxNil-x-Mg. 

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

Phase Crystallography Ref. 
Structure Space / Group 

Mg2Cu Orthorhombic / Fddd 20, 25 

Mg2Ni Hexagonal C16 / P6222 25, 29 

Cu2Mg FCC C15 / Fd3m 20-23 

Ni2Mg Hexagonal C36 / 9, 23 
P63/mmc 26-28 

T (K) Solubility Range Ref. 

540 1 at.% Ni 11 
673 < 2 at.% Ni 12 

673 25 at.% Cu 12 
723 25 at.% Cu 11 
813 > 22 at.% Cu 11 

above 700 > 22 at.% Ni 11 
973 20 at.% Ni 10 

931 - 1203 5 at.% Cu 11 
1073 3 - 7 at.% Cu 10 
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Table 4: Invariant liquidus reactions. 

Class Phases . Experiments Present Calculation 
TO{) Composition at.% Re£ T(K) Composition at.% 

Cu Mg Ni Cu M~ Ni 
Liquid 753 15 84 1 11, 17 760.1 15.4 83.7 0.9 
HCP 0 100 0 0 100 0 
Mg2Ni (L-C16) 25 67 8 24.8 66.7 8.5 
Mg2Cu 32 67 1 32.5 66.7 0.8 

II1 Liquid 1081 65 20 15 11, 10 1106 58.9 24.6 16.5 
Cu2Mg (L-C15) 45 32 23 42.0 3 1 . 4  26.6 
Ni2Mg (L-C36) 5 32 63 7.8 32.3 59.9 
FCC 72 5 23 51.6 3.6 44.8 

II2 Liquid 931 25 67 8 11, 17 932 .8  31.9 57.1 11.0 
Ni2Mg (L-C36) 5 34 61 7.5 33.6 58.9 
Mg2Ni (L-C16) 21 67 12 17.3 66.7 16.0 
Cu2Mg (L-C15) 41 34 25 41.8 3 4 . 2  24.0 

113 Liquid 813 29 68 3 11, 17 826.0  39.7 59.7 0.6 
Cu2Mg (L-C15) 65 35 0 63.4 35.7 0.9 
Mg2Ni (L-C16) 25 67 8 25.0 66.7 8.3 
Mg2Cu 32 67 1 32.7 66.7 0.6 
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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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Figure 2: The Mg-Ni phase diagram calculated from the thermodynamic description by Jacobs et al. [5]. 
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Figure 3: The Cu-Ni phase diagram calculated from the thermodynamic description by Jansson [6]. 
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Figure 4: Calculated liquidus projection with symbols representing the composition of the experimental [ 10] 
monovariant eutectic trough extending between the binary eutectic Cu-Cu2Mg and Ni-Ni2Mg. 
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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)=I according to the present description, compared with the 
experimental data from the literature [ 13-16]. 
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Figure 7: Mg activity at 1173 K for X(Cu)/X(Ni)=0.5 according to the present description, compared with the 
experimental data from the literature [13-16]. 

"5 

C2~ 
r -  

E 

Q _  

t~  
t -  

UJ  

01 

-14 
I 

-3 
I 

- 4  t 

i 
J -7 -7 

I 

-10 J i 
I 

- 1 1  ! 
0.5 

I I I I 

~: X(Cu)/X(Ni)=2 / 

o : X(Cu)/X(Ni)=I y 

~: x ( c u ) / x ~ i ) = o . s  ~/ J-! 

{ 
o16 0.7 o18 o19 1.o 

Mole fraction Mg 

Figure 8: Calculated emhalpy 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]. 

"5 

v ,  

r -  

E 

"6 

I 

¢ -  
U. I  

-5 

-6- 

-7-  

-8-  

-9-  

-10 

-11 

I I I I I 

+: X(Mg)/X(Cu)=3.44 

)=3.5 

I I I I I 

0 0.05 0 .10  0 .15  0.20 0.25 

Mole fraction Ni 
0.30 

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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Figure 1 l: 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)=I, 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. [l 1]. 
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Figure 14: Calculated isopleth for X(Mg)=0.71 at.%, compared with the experimental data by Ipser et al. [l 1 ]. 
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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, compared with the experimental data from ref. [12]. 


