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A computational thermodynamic model of the Ca–Mg–Zn system
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Abstract

The phase equilibria and thermodynamic properties of the Mg–Ca–Zn ternary system were analyzed and a complete thermodynamic
description of the system was obtained using a computerized optimization procedure. Based on the experimental data, one ternary intermetallic
compound was considered for the model, while another ternary intermetallic compound was speculated. The calculated results were compared
with the experimental data in the literature.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Calcium and zinc are two alloying elements used in
magnesium-based alloys. A thermodynamic description
of the Mg–Ca–Zn ternary system is needed for the de-
velopment of a thermodynamic database for the further
refinement of existing magnesium-based alloys and the de-
velopment of new ones. The present work contributes to the
thermodynamic database of magnesium alloy systems.

To create an accurate thermodynamic model of a ternary
system, it is necessary to first have thermodynamic descrip-
tions of the three constituent binary systems. Computational
thermodynamic modeling of the Mg–Ca, Mg–Zn, and
Ca–Zn systems has been reported in the literature[1–3].
The calculated phase diagrams for the three binary systems
are shown inFigs. 1–3, respectively. The Mg–Ca system
has one intermediate phase, and neither magnesium nor
calcium display any solubility in one another. The Mg–Zn
system has five intermediate phases. There is no solubil-
ity of magnesium in zinc, but there is a small amount of
solubility of zinc in magnesium. The Ca–Zn system con-
tains eight intermetallic phases. Neither calcium nor zinc
displays any solubility in one another. Most of the interme-
diate phases were modeled as stoichiometric compounds,
except the Laves phases Mg2Ca and MgZn2 in the Mg–Ca
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and Mg–Zn systems. Thermodynamic data for the pure
elements were taken from the compilation of Dinsdale[4].
Crystallographic data for the phases of the three binary
systems are listed inAppendix A.

2. Experimental data

The Mg–Ca–Zn phase diagram is based largely on the
work of Paris[5], who investigated the system by measuring
the cooling curves of 189 different alloys. Paris selected his
alloy compositions such that the cooling curve data could be
plotted as sixteen isopleths (seeFig. 4). Based on the cooling
curves and metallography, Paris claimed to have found one
ternary compound that he named Ca2Mg5Zn5 [5,6], but did
not report the crystallographic data for the compound.

The isothermal section of the Mg–Ca–Zn system at 335◦C
was investigated by Clark, using metallography and X-ray
diffraction [7]. Clark found evidence of two ternary com-
pounds, namely� (Ca2Mg6Zn3) and� (Ca2Mg5Zn13), and
refuted Paris’ nomenclature of Ca2Mg5Zn5, whose location
roughly corresponds to Clark’s� compound[7–9]. Although
there are Joint Committee on Powder Difraction Standards
(JCPDS) cards filed by Clark for the phases Ca2Mg6Zn3
and Ca2Mg5Zn13 [8,9], there is nothing in the literature pub-
lished by Clark to support those particular compositions. The
Handbook of Ternary Alloy Phase Diagrams listed Clark’s
� and� compounds as “?CaMg2Zn” and “?Ca2Mg5Zn13”,
respectively[10].
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Fig. 1. The calculated Ca–Mg phase diagram[1].

Fig. 2. The calculated Mg–Zn phase diagram[2].

Jardim et al. studied a melt-spun Mg–Ca–Zn alloy us-
ing transmission electron microscopy, energy dispersive
X-ray spectroscopy and scanning transmission electron mi-
croscopy[11]. They found precipitates in the heat-treated

Fig. 3. The calculated Ca–Zn phase diagram[3].

Fig. 4. The liquidus projection of the Mg–Ca–Zn ternary system, as drawn
by Paris, with the locations of his sixteen isopleths superimposed[6].
The axes are in mass fraction.

alloy, and determined that the composition of the precipi-
tates is Ca2Mg6Zn3, which is the same as the composition
given on the JCPDS card filed by Clark[8]. They also re-
ported the crystal structure of the ternary compound (see
Appendix A), and did not find evidence of a second ternary
compound.

The ternary compound Ca2Mg6Zn3 was included in the
computational modeling of the system. The� compound
reported by Clark, with a composition of Ca2Mg5Zn13, was
speculated due to the limited experimental data available.

3. Thermodynamic models

One intermetallic compound was considered for the
Mg–Ca–Zn system. Although Clark’s work indicates a ho-
mogeneity range for the phase, it was modeled as a stoichio-
metric compound due to the lack of a specific composition
range. The system was optimized using both the composi-
tion of Paris, i.e. Ca2Mg5Zn5, and that given by Clark and
Jardim et al., Ca2Mg6Zn3. The ternary compound’s Gibbs
energy function is written as

◦G
CaxMgyZnz

m = x◦Gfcc
Ca + y◦Ghcp

Mg + z◦Ghcp
Zn + a + bT (1)

where◦Gfcc
Ca, ◦Ghcp

Mg, and◦Ghcp
Zn are the Gibbs energies of the

pure elements[4]. The parametersa andb are to be evaluated
from experimental data. The reference state of the Gibbs
energy of individual phases is the so-called standard element
reference (SER), i.e. the enthalpies of the pure elements in
their stable states at 298.15 K.

The solution phases, liquid, fcc, bcc, and hcp, were treated
as a substitutional solution, with the Gibbs energy expressed
as

GΦ
m =

∑
xi

◦GΦ
i + RT

∑
xi ln xi + xsGΦ

m (2)
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whereΦ represents liquid, bcc, fcc, or hcp, andi is Ca, Mg,
or Zn. The termxsGΦ

m is the excess Gibbs energy, expressed
in Redlich–Kister polynomials[12],

xsGΦ
m =

∑

i

∑

j>i

xixj

n∑

k=0

kLΦ
i,j(xi − xj)

k

+ xCaxMgxZnL
Φ
Ca,Mg,Zn (3)

wherekLΦ
Ca,Zn, kLΦ

Mg,Zn, andkLΦ
Ca,Mg are the binary interac-

tion parameters taken from the constituent binary systems,
and LΦ

Ca,Mg,Zn is a ternary interaction parameter with the
following form:

LΦ
Ca,Mg,Zn = xCa

0LΦ
Ca,Mg,Zn + xMg

1LΦ
Ca,Mg,Zn

+ xZn
2LΦ

Ca,Mg,Zn (4)

where jLΦ
Ca,Mg,Zn = ja + jbT, and ja and jb are model

parameters to be evaluated from experimental information.
The expressionj > i in the term

∑
j>i indicates that com-

ponentj must come after componenti alphabetically.
Two phases in the Mg–Ca and Mg–Zn systems, namely

Mg2Ca and MgZn2, have the same Laves crystal structure,
and can be said to be one phase with a highly variable com-
position in the Mg–Ca–Zn ternary system (seeAppendix A).
The Laves phase was modeled with two sublattices, with
0.66667 sites in the first sublattice, and 0.33333 sites in the
second sublattice. To fully describe the Laves phase, it must
be modeled such that all three elements occupy both sub-
lattices, i.e. (Mg,Ca,Zn)0.66667(Mg,Ca,Zn)0.33333. The Gibbs
energy of the Laves phase is thus expressed as

Gm =
∑

i

∑

j

yI
iy

II
j

◦Gi:j + 0.66667RT
∑

i

yI
i ln yI

i

+ 0.33333RT
∑

i

yII
i ln yII

i +
∑

i

∑

j>i

∑

k

yI
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I
jy

II
k Li,j:k

+
∑

i

∑

j>i

∑

k

yI
ky

II
i yII

j Lk:i,j

+
∑

i

yI
Cay

I
MgyI

Zny
II
i LCa,Mg,Zn:i

+
∑

i

yI
iy

II
Cay

II
MgyII

ZnLi:Ca,Mg,Zn (5)

whereyI
i andyII

i are the site fractions ofi in the first and sec-
ond sublattices, respectively, and◦Gi:j is the Gibbs energy
of the end member compoundi0.66667 j0.33333. The letters
i, j andk may represent Ca, Mg, or Zn. The termLi:j,k is
an interaction parameter, with a colon separating elements
in different sublattices, and a comma separating elements
interacting with each other in the same sublattice.

Using first-principle calculations, the lattice stabilities of
pure calcium, magnesium, and zinc in the Laves structure
have been determined to be[13]

◦GCa:Ca= 12330+ ◦GCa (6)

and

◦GMg:Mg = 7720+ ◦GMg (7)

and

◦GZn:Zn = 5000+ ◦GZn (8)

The Gibbs energy for the Mg2Ca phase, namely◦GMg:Ca, is
taken from the Mg–Ca database[1]. Based on first-principles
calculations[13], the expression for◦GCa:Mg was set to be

◦GCa:Mg = 26650+ 0.66667◦GCa + 0.33333◦GMg (9)

Although CaZn2 is a stable phase in the Mg–Ca–Zn sys-
tem, it is not a Laves phase. Nevertheless, to fully describe
the Laves phase in the Mg–Ca–Zn system, there must be
a set of Gibbs energies to represent the hypothetical Laves
phase consisting only of calcium and zinc. Without know-
ing anything about Ca2Zn and CaZn2 as they would exist
in the Laves crystal structure, and from the first-principles
calculations of◦GCa:Mg [13], it was assumed that

◦GCa:Zn = 26650+ 0.66667◦GCa + 0.33333◦GZn (10)

and

◦GZn:Ca = 26650+ 0.66667◦GZn + 0.33333◦GCa (11)

As seen inEq. (5), many interaction parameters are needed
to describe the Laves phase. More can be added if the interac-
tions in both sublattices are considered simultaneously. Due
to the stoichiometry of the Mg2Ca and MgZn2 compounds,
and the nonexistence of the Laves phase in the Ca–Zn sys-
tem, most interaction parameters in the Laves phase are set
to be large positive values.

4. Results and discussion

Based solely on the information from the three binary
systems, the calculated ternary liquidus projection was close
to the experimental data over nearly the entire composition
range (seeFig. 5), with the exception of the area around
the ternary compound because it is not present in the single
combination of the binary systems.

In the present work, only the model parameters for the
liquid phase, the Laves phase, and the ternary compound
were needed to reproduce the available experimental data.
The evaluation of the model parameters of the Mg–Ca–Zn
ternary system was performed with the Parrot module[14] in
Thermo-Calc[15]. The interaction parameters of the liquid
phase, the Laves phase, and the Gibbs energy of the ternary
phase can be found inAppendix B.

The ternary system was first optimized with one ternary
phase whose composition was that of Paris, i.e. Ca2Mg5Zn5.
There was some agreement between the experimental data
and the calculated phase diagram over most of the system,
but there was significant mismatch around the ternary phase.
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Fig. 5. The calculated Mg–Ca–Zn liquidus projection showing a simple
combination of the three binary systems, with Paris’ liquidus data for
each region superimposed[6].

The ternary system was optimized again with one ternary
phase using the composition proposed by Clark and con-
firmed by Jardim et al. This optimization achieved better
results than the previous one using the composition given
by Paris. For the sake of comparison, a liquidus projec-
tion in Fig. 6 shows the locations of the different proposed
ternary phases. The composition of the ternary phase in the
calculated liquidus projection inFig. 6 is Ca2Mg6Zn3, pro-
posed by Clark[8] and Jardim et al.[11]. Note that although
Clark’s beta compound was modeled as a stoichiometric
phase in this work, the symbols for the beta compound serve
as an approximate boundary for his proposed homogeneity
range.

The final calculated Mg–Ca–Zn liquidus projection can
be seen inFig. 7, with the experimental data of Paris super-
imposed on the diagram[5]. The different symbols denote
the different primary phases forming from the liquid phase.
A close-up view of the liquidus projection near the middle
of the Mg–Zn axis is shown inFig. 8. The Mg2Zn11 com-
pound is present in the liquidus projection, but it must be

Fig. 6. A Mg–Ca–Zn liquidus projection showing the location of the
ternary compounds proposed in the literature[5–9,11].

Fig. 7. The calculated liquidus projection, with Paris’ liquidus data for
each region superimposed[6].

Fig. 8. Close-up of the Mg–Ca–Zn liquidus projection near the middle
of the Mg–Zn axis.

plotted on a very small scale to be seen (seeFig. 9). Another
liquidus projection is shown inFig. 10, with the calculated
isotherms superimposed on the diagram. The temperatures
and liquid compositions of all the invariant reactions on the
liquidus were calculated and are listed inTable 1in order
of descending temperature.

Fig. 9. Close-up of the Mg–Ca–Zn liquidus projection near the Zn-rich
end of the Mg–Zn axis.
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Fig. 10. The calculated liquidus projection, with the calculated isotherms
superimposed. The temperature difference between isotherms is 50 K.

Most primary phase regions of solidification measured
by Paris were reproduced by the calculations, with the ex-
ception of two particular areas. One is the liquidus region
in the zinc-rich corner that includes the points marked as
“CaZn3,CaZn5”, and “CaZn11,CaZn13”. Note that Paris’
work does not show the existence of the CaZn3 phase. It
was not possible to distinguish which of Paris’ data points
would correspond to CaZn3 and which ones would corre-
spond to CaZn5, so they were marked by the same symbol in
Figs. 5 and 7. Similarly, Paris was unaware of the existence
of the CaZn13 phase, and the data points corresponding to
CaZn11 and CaZn13 are again marked by the same symbol
in Figs. 5 and 7.

The second area that could not be reproduced well is the
liquidus of the ternary phase near the Mg–Zn axis.Fig. 11,
which is a plot of the Section V isopleth of Paris, clearly
illustrates a steep valley running along the Mg–Zn side of

Table 1
Invariant liquidus reactions in the Mg–Ca–Zn system

Reaction Temperature (◦C) Zn (wt.%) Ca (wt.%)

Liquid + CaZn11 → CaZn5 + MgZn2 510.8 81.04 6.15
Liquid + CaZn11 → CaZn13 + MgZn2 489.9 93.92 2.83× 10−4

Liquid + Mg2Ca+ bcc Ca→ fcc Ca 442.8 4.31 78.29
Liquid → CaZn2 + Mg2Ca+ Ca2Mg6Zn3 433.4 53.91 22.89
Liquid → hcp Mg+ Mg2Ca+ Ca2Mg6Zn3 415.8 32.26 14.18
Liquid + CaZn2 → CaZn3 + Ca2Mg6Zn3 386.1 65.41 13.48
Liquid + MgZn2 + Mg2Zn11 → CaZn13 379.7 96.41 1.77× 10−6

Liquid + CaZn3 → CaZn5 + Ca2Mg6Zn3 366.3 65.88 11.87
Liquid + Mg2Zn11 + Zn → CaZn13 364.1 97.15 8.81× 10−7

Liquid + CaZn2 → Mg2Ca+ CaZn 354.3 41.09 48.96
Liquid + CaZn→ Mg2Ca+ Ca5Zn3 325.4 35.47 55.12
Liquid + Mg7Zn3 → hcp Mg+ MgZn 325.0 54.27 1.96
Liquid + CaZn5 → MgZn2 + Ca2Mg6Zn3 323.8 64.36 8.69
Liquid + MgZn2 → Mg2Zn3 + Ca2Mg6Zn3 318.8 62.52 7.87
Liquid + Ca5Zn3 → Mg2Ca+ Ca3Zn 304.3 29.04 61.81
Liquid → Mg2Ca+ Ca3Zn + fccCa 303.8 27.77 63.02
Liquid + Mg2Zn3 → MgZn + Ca2Mg6Zn3 288.1 56.42 5.49
Liquid → hcp Mg+ MgZn + Ca2Mg6Zn3 282.9 55.56 5.21

Fig. 11. The calculated isopleth forwCa + 0.5931wZn = 0.5, compared
to the experimental data of Paris. Note the steep drop on the right side
of the ternary compound.

the ternary phase. It was impossible to make the ternary
phase liquidus agree well with the experimental data. How-
ever, it must be noted that the ternary phase was modeled
as a stoichiometric compound. If the ternary phase were
modeled with some homogeneity range, it is possible that
a much better agreement could be obtained. Also note that
if the calculated curves were lifted straight up, the region
belonging to CaZn5 would not align properly with the liq-
uidus points above it. This serves as circumstantial evi-
dence that a second ternary phase may be present in the
system.

During the optimization process, all sixteen of Paris’ iso-
pleths were repeatedly plotted to gauge the agreement of the
calculated curves with the experimental data. For the sake of
brevity, only two of the isopleths are presented here.Fig. 12
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Fig. 12. The calculated isopleth forwMg − 0.428wZn = 0, compared to
the experimental data of Paris[6].

shows Section III, which is defined by the equation

wMg − 0.428wZn = 0 (12)

Fig. 13shows Section X, which is defined by the equation

wCa − wZn = 0 (13)

Except as noted above, the isopleths presented here, as well
as the other fourteen isopleths, show good agreement with
the data of Paris.

The present work is based on the assumption that there
is only one ternary compound in the Mg–Ca–Zn system.
However, in addition to the findings of Clark, the liquidus
data of Paris may indicate the presence of a second ternary
phase in the zinc-rich corner of the phase diagram. Some or
all of the data points corresponding to CaZn3 and CaZn5 in
Fig. 7 may be associated with a second ternary phase. It is
worth seeing how the calculated phase diagram changes if a
second ternary phase is included in the model. A phase with

Fig. 13. The calculated isopleth forwCa − wZn = 0, compared to the
experimental data of Paris[6].

Fig. 14. The calculated liquidus projection, with the presence of two
ternary phases, with Paris’ liquidus data for each region superimposed[6].

the composition Ca2Mg5Zn13 was added to the model after
the parameters for the liquid and the first ternary phase had
been obtained. Because the second ternary phase’s composi-
tion is near the data points labeled as CaZn3 and CaZn5, the
Gibbs energy of the second ternary phase was chosen so as
to achieve the best fit with those data points.Fig. 14shows
the resulting liquidus projection, with the Gibbs energy of
the second ternary phase being equal to

◦GCa2Mg5Zn13
m = 2◦Gbcc

Ca + 5◦Ghcp
Mg + 13◦Ghcp

Zn

− 300000+ 15T (14)

As Fig. 14shows there is partial agreement between the liq-
uidus region of Ca2Mg5Zn13 and the data points of CaZn3
and CaZn5, yet the remainder of the liquidus projection
remains largely unaffected.Fig. 15 shows Section V with
two ternary phases present in the calculations. Note that the
calculated curve is considerably closer to the experimen-

Fig. 15. The calculated isopleth forwCa + 0.5931wZn = 0.5, with two
ternary phases present in the calculation, compared to the experimental
data of Paris[6].
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Fig. 16. (a) The calculated 335◦C isotherm with one ternary compound
present. (b) The calculated 335◦C isotherm with two ternary compounds
present.

tal data than without the second ternary phase, as can be
seen inFig. 11. This indicates the possible presence of a
second ternary phase in the Mg–Ca–Zn ternary system. No
amount of manipulation made the calculated curve com-
pletely agree with the experimental data, and it is not beyond
speculation that if a second ternary phase exists, it may also
have a homogeneity range of its own. A thorough experi-

Appendix A. Crystallographic data

Crystallographic data of the Mg–Ca system

Phase Composition (Ca (at.%)) Pearson symbol Space group Struktur–Bericht designation Reference

Mg 0 hP2 P63/mmc A3 [16]
�Ca 0 cI2 Im3m A2 [17]
�Ca 0 cF4 Fm3m A1 [16]
Mg2Ca 33.3 hP12 P63/mmc C14 [18]

mental investigation of the zinc-rich corner of the
Mg–Ca–Zn system is needed to verify that a second ternary
phase exists in the system, and to accurately determine the
phase’s composition.

Fig. 16(a)shows the calculated 335◦C isothermal section
of the Mg–Ca–Zn system with only one ternary compound
in the system. The superimposed data points correspond to
the different single- and two-phase regions documented by
Clark [7]. There appears to be a minimal correlation be-
tween the calculated diagram and Clark’s data.Fig. 16(b)
shows the same isothermal section with two ternary com-
pounds in the model. There is only a minor improvement in
the correlation between Clark’s data and the calculated di-
agram when a second ternary compound is included in the
model.

5. Conclusion

Computational thermodynamic modeling of the Mg–Ca–
Zn ternary system was performed, and the results of the
calculations were compared to the experimental data. One
ternary stoichiometric compound was considered for the
model, and its Gibbs energy was evaluated. The calculated
phase diagram exhibits good agreement with the experi-
mental data. The thermodynamic model of the Mg–Ca–Zn
ternary system will contribute to the thermodynamic model-
ing of multicomponent magnesium alloys. The presence of
a second ternary stoichiometric compound was speculated,
and its inclusion in the model showed some agreement with
the experimental data. However, more experimental data are
needed to confirm the existence of a second ternary phase,
and to better define its composition.
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Crystallographic data of the Mg–Zn system

Phase Composition (Zn (at.%)) Pearson symbol Space group Struktur–Bericht designation Reference

Zn 100 hP2 P63/mmc A3 [16]
Mg7Zn3 30 oI142 Immm D7b [16]
MgZn 50 – – – [19]
Mg2Zn3 60 mC110 B2/m – [20]
MgZn2 66–67.1 hP12 P63/mmc C14 [21]
Mg2Zn11 84.6 cP39 Pm3 D8c [22]

Crystallographic data of the Ca–Zn system

Phase Composition (Zn (at.%)) Pearson symbol Space group Struktur–Bericht designation Reference

Ca3Zn 25 oC16 Cmcm E1a [23]
Ca5Zn3 37.5 tI32 I4/mcm D8l [24]
CaZn 50 oC8 Cmcm Bf [23]
CaZn2 66.7 oI12 Imma – [25]
CaZn3 ∼74 to∼75.2 hP32 P63/mmc – [23]
CaZn5 ∼83.3 to∼83.9 hP6 P6/mmm D2d [26]
CaZn11 91.7 tI48 I41/amd – [27]
CaZn13 92.9 cF112 Fm3c – [28]

Crystallographic data of the Mg–Ca–Zn system

Phase Composition Pearson symbol Space group Struktur–Bericht designation Reference

Ca (at.%) Zn (at.%)

Ca2Mg6Zn3 18.2 27.3 hP22 P31c – [11]

Appendix B. Thermodynamic parameters of the Mg–Ca–Zn system (in SI units)

Liquid Sublattice model (Ca,Mg,Zn)
0LCa,Mg,Zn = −7029.7; 1LCa,Mg,Zn = −47787; 2LCa,Mg,Zn = −5437.5

Ca2Mg6Zn3 Sublattice model (Ca)2(Mg)6(Zn)3
G◦

mCa2Mg6Zn3
= 2G◦

Cafcc + 6G◦
Mghcp + 3G◦

Znhcp − 139077− 0.8081T

LavesC14 Sublattice model (Mg,Ca,Zn)0.66667(Mg,Ca,Zn)0.33333
G◦

Ca:Ca= 12330+ G◦
Cafcc; G◦

Mg:Mg = 7720+ G◦
Mghcp

G◦
Zn:Zn = 5000+ G◦

Znhcp

G◦
Ca:Mg = 26650+ 0.66667G◦

Cafcc + 0.33333G◦
Mghcp

G◦
Mg:Ca = −22624.9 + 155.5042T − 27.57338T ln T − 0.0015874T 2 + 210000T−2

G◦
Ca:Zn = 26650+ 0.66667G◦

Cafcc + 0.33333G◦
Znhcp

G◦
Zn:Ca = 26650+ 0.33333G◦

Cafcc + 0.66667G◦
Znhcp

G◦
Mg:Zn = 29389.65− 13.644T − 0.66667GMgLiq − 0.33333GZnLiq + G◦

Mghcp + G◦
Znhcp

G◦
Zn:Mg = −19389.65+ 13.644T + 0.33333GMgLiq + 0.66667GZnLiq

All G◦
i,j:k = G◦

i:j,k = 16000 except:
G◦

Mg,Zn:Mg = 11666.7; G◦
Mg,Zn:Zn = 11666.7

G◦
Mg:Mg,Zn = 2666.7; G◦

Zn:Mg,Zn = 2666.7
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