Open Access Article. Published on 05 August 2021. Downloaded on 1/14/2026 9:53:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

#® ROYAL SOCIETY

Journal of
PPN OF CHEMISTRY

Materials Chemistry A

View Article Online

View Journal | View Issue

Applications of thermodynamic calculations to
practical TEG design: Mg,(Sip 3Sng.7)/Cu
interconnectionst

i '.) Check for updates ‘

Cite this: J. Mater. Chem. A, 2021, 9,
20436

Silvana Tumminello, & *2 Sahar Ayachi,? Suzana G. Fries,” Eckhard Muller®
and Johannes de Boor 2

Magnesium silicide stannide solid solutions, Mg»(Si,Sn), are prominent materials in the development of
devices for thermoelectric energy conversion for intermediate operating temperatures, owing to the
high values of their thermoelectric figure of merit zT, elemental abundance, and non-toxicity. The
manufacturing of thermoelectric generators, however, relies also upon long-term stable contacts with
low thermal and electrical resistivity and good bonding of the metallic contact bridge (electrode) to the
thermoelectric legs of Mg,(Si,Sn) with a similar thermal expansion coefficient. In the assembly of
thermoelectric generators, the thermoelectric legs have to be bonded to metallic electrodes to establish
an electrical circuit. In this work, contacts between Mg,(Sip3Sng7) and Cu were made at 600 °C and
investigated using thermodynamic equilibrium calculations to gain understanding on the phase
transformations occurring in the bonding process. Cu is selected as a metallic electrode as it is a highly
conductive element with a thermal expansion coefficient similar to that of the thermoelectric material.
Contacting methods usually deviate from equilibrium conditions; nevertheless, we use this contact
couple to illustrate that equilibrium thermodynamic considerations are an efficient support to anticipate
and identify the reaction products forming the final microstructure of the bonded region, and ultimately,
for improving the contact design. A thermodynamic database of Gibbs energies for quaternary Cu-Mg-
Si—Sn was built up and made available in this work. With this database, thermodynamic calculations were
done in order to complement the experimental observations on the microstructure and
thermochemistry of the Mg,(Sip3Sno7)/Cu interconnections. The approach developed in this work is
general and therefore applicable to the investigations of different thermoelectric materials and/or
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assembly technology for applicable modules."> Magnesium
silicide stannide solid solutions arise as prominent TE mate-

1 Introduction

Thermoelectric devices for power generation (thermoelectric
generators, TEGs) convert heat into electricity through the
Seebeck effect. Practical TEGs require a tailored design and
engineering of the thermoelectric (TE) material, stable con-
tacting with the metallic bridges (electrodes) and durable
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rials, owing to the high values of their thermoelectric figure of
merit zT, elemental abundance, and non-toxicity. Recently the
improved TE properties of p-type Mg,(Si;_,Sn,) materials®™
allow the use of the same base material for both p- and n-type
TE legs,*” reducing the thermomechanical complexity of the
modules and simplifying the selection of electrodes for prac-
tical devices. The operation of a TEG also relies upon long-term
stable contacts with low thermal and electrical resistivity,
similar thermal expansion coefficients of the bonding parts and
good bonding of the conducting electrode to Mg,(Si; _,Sn,) for
intermediate operating temperatures (300-500 °C). A cross
section of a conventional TEG is shown in Fig. 1, with two n-/p-
leg pairs and Cu as the electrode working in a temperature
gradient (hot/cold side). The zoom-in image shows the region of
interest for the contacting process, =300 pm near the initial
Mg,(Sio 3Sn, 7)/Cu interface.

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Scheme of the cross section of a TEG showing two n-/p-leg
pairs in a temperature gradient (hot/cold side) and dashed line indi-
cating electrical current. Zoom-in image of the region of interest for
the contacting process close to the original Mg,(Sip3Sng7)/Cu
interface.

Experimental investigations on Mgj(Siy3Sne;)/Cu junc-
tions'® showed low specific electrical contact resistances (<10
uQ cm?), good bonding and no delamination. In the same work,
Cu was indicated as a potential candidate electrode for n- and p-
type TE legs though its influence on the functionality of the TE
material is still under investigation. Accordingly, further
insights are given in this work with special attention on phase
transformations and diffusion-reaction phenomena occurring
in the vicinity of the semiconductor/metal interface, namely the
interconnection zone (IZ). We combine equilibrium calcula-
tions with chemical SEM/EDX analysis to understand the
observed microstructure of Mg,(Siy3Sn,.7)/Cu contacts and its
further relationship with the bonding stability. The synthesis of
TE legs and the leg/electrode contact entail several stages such
as melting, mechanical milling and sintering, which are typi-
cally non-equilibrium processes; nevertheless, we show the
effectiveness of equilibrium thermodynamics in providing
understanding on phase stability and metastability throughout
the technological processing of TEGs.

An overview of the application of thermodynamic calcula-
tions of phase diagrams to TE material design has been recently
published;" herein we broaden with this work the applications
of thermodynamic modeling and calculations to the investiga-
tion of TE material/metal interconnections. We present the
results for a Cu single element electrode as a case study, where
the use of equilibrium thermodynamics provides ample infor-
mation. Even when diffusion calculations are needed this
approach can be used by coupling thermodynamic and diffu-
sivity descriptions.”” Additionally, its extension to multicom-
ponent electrodes is done by including each element in the
thermodynamic description as described hereunder for this
quaternary. This represents an advantage to handle electrodes
with higher chemical complexity such as Mg,SiNi; and stainless
steel 304,"'* and typically applied coatings like BN. The aim of
this work is to establish an approach based on thermodynamics
to investigate contacts, gain understanding and to show how
this route can be improved. To this end, we take a Mg,(Sio.s-
Sn, ;)/Cu contacting couple and a two step contacting process as
a case study to illustrate the potential of our thermodynamic
calculation aided approach. In the case presented here, aid was
provided a posteriori, and in further work this approach will be
used simultaneously with the design.

For the investigation of the mentioned contacts, a quater-
nary thermodynamic description for the Cu-Mg-Si-Sn system is
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required. To the best of our knowledge, no such description is
available in the literature; therefore, an open set of Gibbs
energies was developed bringing together assessed binaries and
ternaries from the literature and adapting the models for
consistency in order to have a quaternary thermodynamic
description. Of particular interest is the modelling of the
quaternary extension of the C15 Laves phase and ternary t;-
CuzMg,Si, previously designated as y-Cus; ;Mgs3.35n;5 and ;-
Cu;zMg,Si," respectively, as they were observed to grow in the 1Z.
Their model is included in the assembled thermodynamic
database (stored in a file called TDB).

The structure of the paper is as follows: in Section 2, we
present the literature review for the known ternaries and bina-
ries and we describe the thermodynamic models of the relevant
phases, while the complete set of Gibbs energies (TDB file) can
be found in the ESIf and the thermodynamic formalism in
Appendix A. The experimental details are given in Section 3.
Subsequently, in the Results and discussion Section 4, we
describe the buildup of the quaternary database, Section 4.1,
and the application of the thermodynamic calculations, Section
4.2. Finally, we conclude in Section 5.

2 Thermodynamic modelling:
literature review

The knowledge of the Gibbs energies for all the phases in
a material system allows the calculation of thermodynamic
properties of multiphase materials and equilibrium between
phases. This procedure is used in the well-established Calphad
method® to obtain calculated phase diagrams and thermody-
namic properties; within this framework, a set of Gibbs energies
was assembled in this work using thermodynamic parameters
available in the literature. Thermodynamic parameters are
determined using large amounts of experimental data, made
available within the past 100 years; therefore, it is of common
practice to select suitable binary descriptions, which reproduce
the more complete set of experimental data available at the
time, to build up higher order system descriptions. This hier-
archy is of utmost importance allowing extrapolations to
multicomponent systems based on well evaluated binary and
ternary subsystems.'® In a quaternary system such as Cu-Mg-
Si-Sn, there are ten subsystems that need a thermodynamic
description to get the quaternary information: four ternaries:
Mg-Si-Sn, Cu-Mg-Si, Cu-Mg-Sn and Cu-Si-Sn; six binaries:
Mg-Si, Mg-Sn, Si-Sn, Cu-Mg, Cu-Si and Cu-Sn. These consti-
tutive systems are described hereunder calculating, for all the
cases, isothermal sections at 600 °C due to the experimental
contacting temperature.

2.1 The Mg-Si-Sn system

The ternary Mg-Si-Sn follows the thermodynamic description
proposed by Kozlov et al.,”” while the binaries were accepted
from the respective references: Mg-Si,"®* Mg-Sn' and Si-Sn,*
and the calculated diagrams using the assembled TDB are
shown in Fig. 2a. The compounds Mg,Sn and Mg,Si are known
as semiconducting phases having the same stoichiometry and
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Fig. 2 Calculated equilibrium diagrams for the Mg-Si-Sn system
using Thermo-Calc software 2021a%” and the assembled thermody-
namic database for this work with ternary parameters adapted from
Kozlov et al.¥’ (a) Binary phase diagrams, Mg—Sn,2® Sn—Si?° and Si—-Mg.*®
(b) Isothermal section at 600 °C of ternary Mg—Si—Sn and composition
of the TE material, Mg,Sig 3Sng 7, before contacting indicated with the
blue square symbol.

crystal structure, cubic antifluorite with Mg occupying 8a and
Si/Sn in 4a Wyckoff positions (WPs), and space group Fm3m
type C1. They were labelled in this work using the Strukturber-
icht designation C1_Mg,Sn and C1_Mg,Si. Due to their crys-
tallography, they can form a solid solution in the 66.7 at% Mg
isopleth of ternary Mg-Si-Sn; however, a wide miscibility gap in
the solid phase with controversial solubility limits has been
reported in phase equilibria determinations,'**** and in phase
investigations for thermoelectric applications.***

This particular isopleth represents the section Mg,Sn-Mg,Si
with two stable phases: the liquid and the solid Mg,Si; ,Sn,
labelled C1_Mg,X, where X = Si, Sn are known to share the
same Wyckoff sites. The miscibility gap reported in the solid
phase represents the mixture of two conjugated phases or
compositions of maximal solubility, and it can be observed in
the isothermal section at 600 °C in Fig. 2b, and a solid red line
represents the equilibrium between the conjugated phases
C1_Mg,X' (maximum solubility of Si in Mg,Sn) and C1_Mg,X"
(maximum solubility of Sn in Mg,Si). Within the miscibility gap,
conjugated solutions can be simultaneously stable and are
defined as composition sets in the thermodynamic calculations,
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i.e. C1_Mg,X is composition set 1 (C1#1) and C1_Mg,X" is
composition set 2 (C1#2). Then, C1#1 and C1#2 define the
equilibrium compositions at each temperature and ultimately,
the binodal curve of the miscibility gap. The critical tempera-
ture of the miscibility gap was calculated using the present
thermodynamic description, 7. = 1007.4 °C.

The solid phase was modelled with 2 sublattices (SLs) as
proposed by Kozlov et al.:*” (Mg),5(Si,Sn),.»5 allowing Si and Sn
in the same SL, with a computational convenient SL multiplicity
(0.5/0.25), yet related to the Wyckoff sites, and two Gibbs energy
excess terms to reproduce the miscibility gap.

The isopleth at 66.7 at% Mg is, in fact, a quasibinary section
due to the congruent melting of both binary compounds
C1_Mg,Sn and C1_Mg,Si; therefore, it can be read as a binary
system with the tie-lines (equilibrium compositions), in theory,
in the same plane of the section. However, two remarks are
worth mentioning: first, the terminal members of the solid
solution are then compounds, Mg,Si and Mg,Sn, and not
elements; second, the practical fact of processing samples at
a fixed Mg composition is rare to achieve in real applications
and therefore knowledge on neighbouring competing phases is
essential. In the manufacturing of TE materials, the relatively
high Mg vapour pressure under processing conditions (leading
to Mg loss and affecting the TE properties) is in practice often
compensated for by Mg excess during mechanical alloying and
during annealing.?®*® With these practical considerations, the
TE material is synthesized, and the blue square in the
isothermal representation at 600 °C shown in Fig. 2b indicates
the composition of the pellet of the TE material before con-
tacting, Mg,Sio 3Sn, 7, within the miscibility gap at a stoichi-
ometry of 66.67 at% Mg.

2.2 The Cu-Mg-Si, Cu-Mg-Sn and Cu-Si-Sn systems

To build up the three ternary systems containing Cu, the
following binaries were accepted from the literature: Cu-Mg,*
Cu-Sn,*" and Cu-Si** and the calculated diagrams can be seen
in Fig. 3a and 4a. Special interest is on the Cu,Mg phase due to
the experimental evidence of dissolving Si and Sn, up to =12
at% Si and =15 at% Sn at =500 °C, which in turn would
represent a quaternary extension in the Cu-Mg-Si-Sn system.
The Cu,Mg intermediate compound is the prototype for
Laves phases of type C15 with a cubic crystal structure and space
group Fd3m. This phase was labelled in this work as:
C15_Cu,Mg for the binary, C15_Cu,MgSi and C15_Cu,MgSn for
the ternary extensions, and C15 for the quaternary extension.
The thermodynamic description for the Cu-Mg-Si system
was taken from Zhao et al.** and the calculated isotherm at
600 °C is presented in Fig. 3b. This section shows mainly two
ternary phases, 1,-CuzMg,Si and 71,-Cu;sMgeSi; as well as the
ternary extension C15_Cu,MgSi and the liquid phase on the Mg-
rich side. There is reported evidence in the literature** of
a ternary phase, 13-(Cug gSig.»)2(Mgo.8sCUo.12), an order deriva-
tive of C15_Cu,MgSi existing at 500 °C but its temperature of
stability and phase relations were not reported so far; and a high
temperature polymorph of the mentioned t,-CuzMg,Si, hexag-
onal P24 Laves-type C36 that exists above 870 °C. Following the

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Calculated equilibrium diagrams for the Cu—-Mg-Si system
using Thermo-Calc software 2021a%” and the assembled thermody-
namic database for this work. (a) Binary phase diagrams, Cu—Mg,*®
Mg-Si*® and Si-Cu.32 (b) Isothermal section at 600 °C of ternary Cu—
Mg-Si with parameters from Zhao et al.*®

thermodynamic models of Zhao et al.**, the former was treated
together with C15_Cu,MgSi and the latter was treated as one
phase with t;-CuzMg,Si.

The modelling of ternary Cu-Si-Sn was done by extrapola-
tion from the respective binaries since no ternary phase is
known to form in this system. The calculated phase diagrams
for the binaries and the isothermal section at 600 °C are pre-
sented in Fig. 4.

The equilibrium in the isothermal section is dominated by
the ternary extension of the bec_A2 phase on the Cu-rich side
and the liquid phase on the Sn-rich side. Finally, the description
for the Cu-Mg-Sn system is presented in Section 4.1.

A summary of the thermodynamic models used for relevant
phases for the interpretation of the present results is given in
Table 1, while the complete thermodynamic description and
database file (TDB) can be found in the ESL.T

3 Experimental

The subsequent thermodynamic and kinetic analysis of the
contacts can't be understood without the experimental details;
therefore we summarise in this section relevant synthesis

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Calculated equilibrium diagrams for the Cu-Si-Sn system
using Thermo-Calc software 2021a% and the assembled thermody-
namic database for this work. (a) Binary phase diagrams, Cu-Si,*? Si—
Sn2° and Sn—-Cu.* (b) Isothermal section at 600 °C of ternary Cu-Si—
Sn.

parameters associated with the present calculations, while
a detailed description can be found in the work of Ayachi et al.*®

The contacts between the TE material and Cu were fabri-
cated in two steps: the synthesis of TE pellets and the contacting
with Cu. First, the TE pellets were synthesized from mechan-
ically alloyed powders with the starting compositions of
Mg5.06510.35N0.665Bi0.035 fOr n-type and Mgy g7Li¢.03Si0.3Sn.7 for
p-type. The dopant elements, Bi and Li, were not included in the
present thermodynamic models as explained in Section 4.2.4.
The alloyed powders were consolidated in a direct-current sinter
press at 700 °C for 20 min and 10 min for n- and p-type,
respectively, under vacuum with a pressure of 66 MPa, and
a 1K s " heating rate using a graphite die.

Second, the pellets were contacted in the same facility with
Cu foil of =50 um thickness in direct contact with the graphite
pistons on the top and bottom allowing the electrical current to
flow through the electrodes and the sample. The joining was
done at 600 °C for 10 min. The contacting temperature was
chosen to be approximately the half of the melting temperature
of the electrode (7¢, = 1085 °C). The TE properties of the pellets
and contacts can be found in the literature, ref. 8.

The cross sections of the contacted samples were metallo-
graphically prepared for microstructure inspection and chem-
ical analysis using a Scanning Electron Microscope (SEM), Zeiss

J. Mater. Chem. A, 2021, 9, 20436-20452 | 20439
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Table 1 Crystallographic information and thermodynamic sublattice (SL) model used for modelling the phases of major interest in the present

investigation on Mg,(Sig 3Sng 7)/Cu joints

Pearson symbol, space

Phase group, prototype Wyckoff positions Thermodynamic SL model
Cu-Mg-Si-Sn
Liquid — — (Cu, Mg, Mg,Sn, Sn, Si);
C15 cF24 (Cu, Mg, Sn, Si), (Cu, Mg, Sn, Si),
Fd3m
Cu,Mg
C15_Cu,MgSi 16d Cu ICSD-53305
16d Si
8a Mg
C15_Cu,MgSn Sn replaces Cu atoms Experimental®>*®
(Cu) fec_A1 cF4 4a Cu (Cu, Mg, Si, Sn);
Fm3m
Cu
(Mg) hep_A3 hP2 2c Mg (Cu, Mg, Si, Sn),
P63/mmc
Mg
Mg-Si-Sn
C1-Mg,X CcF12 8c Mg (Mg)o.5(S1,S1n)0.25
(X = Si, Sn) Fm3m 4a Si
CaF, 4a Sn
Cu-Mg-Si
7,-CuzMg,Si hP12 6h Cu (Cu)y.74(Mg)2(Si)1.26
P6;/mmc 4f Mg
Ord. MgZn, 2a Si
T,-Cu; 6Mg6Si cF116 32fCu (Cu);6(Mg)s(Si);
Fm3m 32fCu
Mn,3Thg 24e Mg
24d Si
4a Si
Cu-Mg-Sn
73, CuMgSn C}jl?‘ 4a Cu (Cu)o.334(Mg)o.333(SN)0.333
FA3m 4bh Mg
AgMgAs 4c Sn
T2, CuyMgSn CF24 16e Cu (Cu)o.666(Mg)o.167(SN)0.167
Fd3m 4c Mg
Cu,Mg-derivative 4a Sn

Ultra 55 equipped with an energy-dispersive X-ray spectroscopy
(EDX) detector with a 15 kV acceleration voltage and a resulting
spatial resolution of =2 pm.

The annealing of the contacts was done for 1 week at 450 °C
in sealed quartz ampules under an argon atmosphere, and the
samples were coated with a thick BN layer to minimize Mg
evaporation during the thermal treatment.

4 Results and discussion
4.1 Buildup of the Gibbs energy database

The constitutive subsystems of quaternary Cu-Mg-Si-Sn are
presented in Section 2.2; however, one of the most significant
systems is the Cu-Mg-Sn ternary, which will be introduced here
in detail, as well as, the quaternary isotherm at 600 °C.

The set of Gibbs energies for Cu-Mg-Sn was built using
parameters from Miettinen et al.>” to model the excess energy of
the liquid and the ternary phases, t,-CuMgSn and 1,-Cu,MgSn,

20440 | J Mater. Chem. A, 2021, 9, 20436-20452

whereas for the ternary extension C15_Cu,MgSn, the solubility
of Sn was adjusted in this work to reproduce the results of
Vicente et al.*® at 525 °C. The calculated binaries and isothermal
section at 600 °C are presented in Fig. 5. It can be seen that Cu
dissolves up to =8 at% Mg and Sn in the (Cu) solid solution but
the solubility of Cu in Mg and Sn is negligible. A small solubility
of Cu in Mg,Sn (0.6-1.4 at% Cu) and of Sn in CuMg, (2.2 at%
Sn) have been reported® but not considered in the present
modelling. The calculated isothermal section indicates that
C15_Cu,MgSn is in equilibrium with the ternary t,-Cu,MgSn,
the binary C1_Mg,Sn, the (Cu) terminal solid solution and the
liquid phase on the Sn-rich and Mg-rich sides.

The quaternary extension of the C15 phase was modelled
with 2SL as: (Cu, Mg, Si, Sn),(Cu, Mg, Si, Sn) allowing the four
elements in all SLs. Parameters for this phase were estimated in
this work based on the assessment of Zhao et al.*. In contrast to
the ternaries, the representation of a quaternary phase diagram
is more challenging; however, a useful plot is a hatched

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Calculated equilibrium diagrams for the Cu—-Mg-Sn system
using Thermo-Calc software 2021a?” and the assembled thermody-
namic database for this work. (a) Binary phase diagrams, Cu—Mg,3°
Mg-Sn?¢ and Sn—-Cu.** (b) Isothermal section at 600 °C of ternary Cu—
Mg-Sn.

tetrahedron for a given temperature as shown in Fig. 6 for
600 °C. The isothermal regular tetrahedron has four triangular
faces made of isothermal sections of the constitutive ternary
systems as indicated in the sketch at the low right corner of the
same figure.

4.2 Thermodynamic calculations with the constructed
database

4.2.1 Interpretation of the junctions. We apply thermody-
namic calculations to gain understanding of the phenomena
taking place near the original interface when contacting the TE
material and a selected metallic electrode, in this case Mg,-
Sip.3Sn, ; with Cu, as indicated in the scheme of Fig. 7. In the
initial stage before the contacting process starts (¢ = 0 min), the
pellet of TE material with composition Mg,(Siy 3Sn, ;) evidences
a single phase microstructure under SEM-EDX and XRD anal-
yses, in contradiction with the equilibrium diagram (c.f. blue
square in Fig. 2b) that for this composition indicates a phase
separation within the miscibility gap. One possible underlying
reason for this discrepancy can be related to the interfacial
energies and strain effects, very likely to be significant in
mechanically alloyed and sintered samples, but not taken into
account in the present thermodynamic model.

This journal is © The Royal Society of Chemistry 2021
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They represent additional contributions to the Gibbs energy
of the phase and can significantly increase the solubility or, in
other words, suppress the miscibility gap. Further investigation
on this feature is ongoing, although the first insights into the
miscibility gap in the Mg,Si-Mg,Sn system based on ab intio
studies combined with microstructure simulations®® and
experimental studies® can be found in the literature. None-
theless, we show that the current thermodynamic description
can effectively indicate the constitution of the resulting inter-
mediate layers and can help to elucidate the microstructure
evolution in the IZ.

The Mg,(Siy3Sn,;)/Cu contacts are semiconductor/metal
junctions, in particular, ohmic contacts showing a linear
current-voltage behaviour. Therefore, one important parameter
is the electrical contact resistance characterized in previous
work,' while here we deal with the phase identification of the
interlayers that evolve in the IZ. The selection of Cu as the
electrode material was done based on the low specific contact
resistance (<10 pQ cm?), similar coefficients of thermal expan-
sion (CTE) for the TE legs (Mgy(Sig3Sny,) = 17.5 x 107 ° K"
(ref. 39)) and the electrode (Cu = 17.0 x 10 ° K" (ref. 40)), and
good bonding to the TE material."® More precisely, the concept
of bonding, elsewhere called adhesion, refers to the diffusion-
reaction phenomena responsible for the phase trans-
formations leading to a layered growth of intermediate phases
(interlayers) in the IZ. The identification of the grown inter-
layers is crucial for further correlations with the specific contact
resistance of the junctions, the TE properties of the legs, and the
long-term functional stability of the connections.

The sequence of possible stable phases to be formed in the
IZ can be calculated in the quaternary equilibrium diagram. A
particularly useful section is Cu-Mg,Sn-Mg,Si at 600 °C as
presented in Fig. 8a, and this diagram represents a plane within
the isothermal composition tetrahedron as shown schemati-
cally on the right side of the figure. The light-gray dotted line in
the phase diagram indicates the contacted couple Mgj(Siy s-
Sn, ;)/Cu and the mass balance is fulfilled along this line, but it
should not be confused with the diffusion path (or the reaction
path). This section clearly shows the C15 single-phase field
extending between the ternaries C15_Cu,MgSn and C15_Cu,-
MgSi establishing the quaternary extension of the C15 phase
(highlighted in beige).

The contacted samples can be modeled as diffusion-reaction
couples, where at elevated temperatures, atomic diffusion
towards and reaction at interfaces take place, in general, one of
them being the dominating mechanism. Transformations at
the interface are heterogeneous solid-state reactions that occur
via nucleation and growth of new phases and interfaces (phase
boundary migration). An important assumption in diffusion
couples is the local equilibrium at the interfaces, meaning that
the chemical potential of the species has the same value on both
sides of a given interface. This assumption allows the use of the
equilibrium diagrams to correlate the order of the product
layers, their morphology and their composition. However, in
many cases supersaturated regions occur near the interfaces
leading to off-equilibrium; in particular, if a liquid phase is
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Fig. 6 Hatched isothermal tetrahedron at 600 °C for the Cu—Mg-Si—Sn system formed by calculated isotherms of the constitutive ternary

systems as shown in the sketch on the right.

original |

interfacel t=0min

Fig. 7 Schematic representation of the two materials before
contacting.

present the assumptions for solid-solid diffusion/reaction
should be carefully considered.*

In the initial situation (Fig. 7) only one interface exists
between Mg,(Siy 3Sn, ;) and Cu, i.e. the original interface where
the reaction starts. As mentioned before, Mg,(Siy3Sn,) is
a homogeneous pellet with no microscopic dephasing, 7 + 3 pm
grain size and a pellet density of =97% (after the powder
consolidation at 700 °C).**-In the final situation, after 10 min of
joining at 600 °C in a direct sinter press, a reacted IZ can be
observed with several new interfaces. A typical microstructure of
the 1Z is presented in Fig. 8b, and the cross section of the

20442 | J Mater. Chem. A, 2021, 9, 20436-20452

junction was imaged and chemically analysed with SEM/EDX
microscopy. Four layers can be noted between the TE material
and Cu. The composition of the interlayers is related to the
phase diagram in the same figure as follows. The composition
of Cu varies across the 1Z decreasing towards Mgj(Sio 3Sn,.7),
and this can be visualized on the phase diagram by following
the gray dotted line. However, it is not possible to confirm only
from the inspection of the final microstructure which phase
nucleates and grows first at the original interface; in that case
growth-kinetic experiments are required which can be
confirmed by diffusion calculations if the diffusivity databases
are available.” Nonetheless, it is possible to deduce from the
phase diagram that the initial interface in the Mg, (Si, 3Sn, 7)/Cu
couple is not in equilibrium since several intermediate phases
exist between the couple ends, and are expected to grow in the
IZ. We can conjecture a possible initial scenario, where Mg
diffuses into the Cu electrode to form the (Cu) solid solution
based on the higher solubility of Mg in fcc-Cu than Cu in Mg,Sn
or Mg,Si. Afterwards, the saturation of (Cu) solid solution
occurs and C15_Cu,Mg nucleates and grows. Thus, in Fig. 8a
the diagram is read from the Cu-rich corner down to Mg,(-
Sig.3Sn, ;) following the gray dotted line crossing several 2- and
3-phase fields with decreasing Cu composition, but only one
single-phase field of C15 around 60 to 56 at% Cu.

The EDX composition analysis in Fig. 8b and data in Table 1
from Ayachi et al.*® show the phases 1,-CuzMg,Si (Cu51 Mg33.3
Si15 Sn0.7, at%), C1_Mg,Sn (Cul Mg64 Sn33 Bi2, at%) and C15

This journal is © The Royal Society of Chemistry 2021
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Fig. 8 Calculated section of the quaternary phase diagram and experimental results. (a) Calculated Mg,Si—-Mg,Si—Cu section of the isothermal
tetrahedron at 600 °C using the present thermodynamic database; and scheme of the section within the composition tetrahedron. (b) SEM-BSE
micrograph of a typical microstructure of the 1Z in Mg,Sip 3Sng7/Cu junctions contacted at 600 °C and EDX line scan results across the 1Z.

(Cu56 Mg30 Si4 Sn10, at%). The latter was initially associated phase (see Fig. 9 2nd column, figure explanation hereunder),
with the ternary extension C15_Cu,MgSn (Cu52 Mg33 Sn15 or and show excellent agreement with the experimental observa-
v-Cuy 55MgSny 45 in ref. 10) due to the low Si content close to the  tions. The reacted IZ seems to have evolved up to the 3-phase
EDX detection limit. However, the thermodynamic calculations region, C1_Mg,X' + C15 + 1,-CuzMg,Si, in the phase diagram
confirm the composition of the quaternary extension, the C15 but the round shape precipitate morphology and wavy
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interfaces resemble the liquid phase, being possible to have
localized composition gradients with the reduced Cu content
shifting the equilibrium to the 4-phase field, C1_Mg,X' + C15 +
1,-CuzMg,Si + liquid, as indicated by the phase diagram. In
particular, these regions could be located around the precipi-
tates of t; and due to the high Mg content of the liquid phase (cf.
Fig. 9 4th column) are hardly distinguishable in the dark areas
on the SEM/BSE micrograph. In this and other assembles, the
presence of liquid in the IZ is highly important and can be
anticipated by thermodynamic calculations using an equilib-
rium description.

It is important to highlight that the section Mg,Sn-Mg,Si-Cu
does not show tie-lines since they are not necessarily on the
same plane of the section; as a result, the amount of each phase
in the respective fields cannot be obtained from this diagram.
For phase quantification, another diagram is more suitable to
indicate the amount of each phase as a function of Cu content
(NP-xCu) as presented in Fig. 9. All diagrams were calculated for
600 °C varying the composition of Cu and setting the compo-
sition of the TE material, i.e. along the gray lines a-d schemat-
ically indicated at the top. The rows correspond to different
compositions of the TE material within the solid solution, thus,
with increasing Si to Sn composition ratio, Si/Sn = 0.3/0.7 (a),
0.4/0.6 (b), 0.5/0.5 (c) and 0.7/0.3 (d). The first column shows the
diagrams of phase fraction versus composition of Cu, and the
following columns show the distribution of the elements as
a function of Cu composition in three phases of interest: C15
(2nd column), C1_Mg,X (3rd column) and liquid (4th column).

The diagram (a1) shows the fraction of each phase in equi-
librium when the Cu content decreases from 100 to 0 at%, in
correlation with the phase fields in Fig. 8a. With this diagram,
we want to address three aspects of the final microstructure: (1)
the composition of the quaternary extension C15; (2) the
composition of the liquid in the 4-phase field; (3) the absence of
1,-CuyMgSn in the final microstructure.

First, the composition of C15 in Fig. 9(a2) indicates slightly
less Si than Sn between =40 and 60 at% Cu in agreement with
our EDX analysis. It can also be seen, along the 2nd column,
how Si and Sn contents in C15 vary with the Si/Sn ratio in the TE
material. The second point is to address the composition of the
liquid phase that might form surrounding the black round
precipitates of 14, in Fig. 9(a4). The liquid phase coexisting in
the 4-phase field contains mainly Mg and Cu dissolving up to
~8 at% Sn and =1 at% Si; therefore it would appear as a dark
region in the BSE imaging (see also the Mg side in Fig. 6).
Finally, the absence of 1,-Cu,;MgSn in the final microstructure
can be explained by observing Fig. 9(a1) and the amount of 1, is
always about 20% less than that of C15 for all Cu compositions;
alternatively, it might be a phase with an incubation time larger
than 10 min before it starts to grow, and it can have a slower
growth rate than C15, and/or local variations in composition
shift the equilibrium outside the plane Cu-Mg,Si-Mg,Sn, i.e.
the diffusion path is not necessarily in this plane.

Coming back to Fig. 8a, we highlight the 2-phase equilib-
rium, C15 + C1_Mg,X, at =55 at% Cu, where the C15 phase can
exist in equilibrium with Mg,Sn possibly inducing phase
separation in the TE material, Mg,(Sip3Sno ;) into its Sn-rich

This journal is © The Royal Society of Chemistry 2021
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and Si-rich conjugates. Therefore, we investigate the phase
fractions when varying the Si/Sn composition ratio in the TE
material in Fig. 9. The selected compositions 40/60 and 50/50
are known to have good thermoelectric properties as well as
30/70, and 70/30 was chosen for completeness. When the Si
content in the TE material increases, we can observe in the 1st
column that C15 exists in a narrower Cu composition range
towards Cu-rich, C15 shows less Cu content depletion (2nd
column), increases the amount and range of existence of t;-
CuzMg,Si, there is an interplay between C1_Mg,X Sn-rich
(C1#1) and C1_Mg,X" Si-rich (C1#2) —where C1_Mg,X forms
at higher Cu compositions in the four cases but its fraction
decreases while C1_Mg,X” fraction increases—, the fraction of
1,-CusMgSn decreases, bcc_A2 stabilizes in case d, the liquid
fraction slightly increases and it is stable in a broader Cu
composition range.

The types of diagrams presented in Fig. 9 are an extremely
useful tool for direct comparison with chemical analyses for
phase identification in complex microstructures. In addition,
they are important for the interpretation of phase trans-
formations and possible growth-kinetic mechanisms as shown
for the case of Mg,(Si,Sn; ,)/Cu contacts.

These diagrams were also used here to show the significant
amount of information that can be extracted from phase
stability calculations.

4.2.2 The liquid phase in the contacting process. The
liquid phase was selected in the previous section together with
the C15 and C1_Mg2X phases to calculate its fraction and
elemental distribution. The composition of the liquid is of
particular interest due to the consequences on diffusion and
segregation that the presence of a liquid in the IZ can bring
about. A liquid phase accelerates diffusion and acts as a wetting
agent, and these features are not necessarily undesired but
should be carefully considered. In the present system, the liquid
phase can be present in the consolidation stage of the
mechanically alloyed powders (synthesis of the pellets) and also
in the contacting stage, most likely, for different reasons. In the
former, the probability of Mg evaporation from the pellets is
high at 700 °C and therefore the Mg composition in the pellet
can easily show Mg-rich and poor regions around the stoi-
chiometric composition of 66.67 at% Mg (see Fig. 1 in the ESIT).
In the latter, although at lower temperature, 600 °C, the local
variations in composition may result from the diffusion of
melting point depressant elements into the TE material to form,
for example, a ternary or quaternary eutectic. The effects of
stabilizing a particular phase can be desired or not, and in
either case phase diagrams can be used to identify the operating
conditions for the targeted phases.

The calculated vertical section from Mg,(Sip 3Sn, ;) to pure
Cu as a function of temperature in Fig. 10 shows regions in the
temperature-composition space, where the indicated phases are
in equilibrium. The blue line indicates the zero phase fraction
(ZPF) for the liquid and the blue area indicates all thermody-
namic states where liquid exists. Similarly, the ZPF is indicated
for the TE material, phase C1_Mg,X with the two composition
sets C1#1 and C1#2, in red. From the intersection of the red and
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Fig. 10 Calculated vertical section from Mg»(Sig 3Sng ;) to pure Cu versus temperature to indicate the curves of the zero phase fraction for two

phases of interest, the liquid (blue) and C1#1 and C1#2 (orange).

blue areas, the thermodynamic states for the coexistence of the
two phases can be determined.

This type of diagram is particularly useful to optimize
synthesis and contacting conditions to obtain the right phase or
phase sequence. The liquid ZPF line indicates the limit of the
liquid appearance as a function of Cu composition. For the
present investigation, it clearly shows that at the contacting
temperature 600 °C the liquid phase was present resulting in
successful interconnections, whereas, at temperatures below
the liquid ZPF there is no liquid and therefore for the same
contacting time the bonding is not expected to be so effective as
the diffusion-reaction process must occur in the solid state.
This is in agreement with the experimental results from Ayachi
et al.,* where it was observed that a successful joining/bonding
was possible at 600 °C, but failed at 500 °C.

4.2.3 Possible diffusion path and growth sequence
scheme. The diffusion path can be drawn on a phase diagram
and it is a line representing the locus of average composition; in
the case of a diffusion couple, it is the average composition
measured in planes parallel to the original interface throughout
the diffusion zone.** Therefore the diffusion path determina-
tion requires monitoring the composition in the IZ at several
stages of the diffusion-reaction process. Based only on the
inspection of the final microstructure and thermodynamic
information the diffusion path can't be determined, but some
hints given in Section 4.2.1 lead us to outline a possible path in
Fig. 11. The blue square is the composition of the bulk TE leg
Mg,(Sio 3Sny ;) and the black dots are the measured average
composition in layers assigned to C15 and t4-CuzMg,Si after

20446 | J Mater. Chem. A, 2021, 9, 20436-20452

contacting. The dotted lines linking C1_Mg,Sn and C1_Mg,Si
with Cu represent the sides of the section in Fig. 8a, while the
blue full lines indicate a possible diffusion path followed by the
TE/Cu couple during 10 min at 600 °C in the sinter press.

On the Cu-Mg-Sn diagram the diffusion path can follow tie-
lines in the 2-phase field, (Cu) + C15_Cu,MgSn, deviating from
the analysed section (dotted black lines) and avoiding the
formation of t,-Cu,MgSn. The final state in the IZ indicates
experimentally 3-phase equilibria: C1_Mg,X' + 1;-CuzMg,Si +
C15 in agreement with the phase diagram. The black dot in the
Cu-Mg-Si ternary, Fig. 11, is near the limit of a 3-phase field
with the Mg-rich liquid that might be present in the IZ and
responsible for the roundish morphology of t,-Cuz;Mg,Si
precipitates. It is worth noticing from the diagram that any local
variation in Mg composition, both enriched or deficient, can
deviate the diffusion path from the analysed plane (Mg,Sn-
Mg,Si-Cu) leading to the formation of a Mg-rich liquid or Sn-
rich liquid.

Finally, the growth sequence of the interlayers can be seen in
a scheme in Fig. 12. A plausible initial situation at ¢, is the
formation of the solid solution (Cu) until saturation leading to
the formation of C15_Cu,MgSn dissolving ~4 at% of Si that is
C15 quaternary extension at ¢;. Subsequently, C15 can equili-
brate with C1_Mg,Sn at ¢, and, eventually, 1,-Cuz;Mg,Si nucle-
ates at the interface Mg,(Siy3Siy,)/C1_Mg,Sn (t3). Probably,
after or simultaneously the liquid phase can form (by Si-
depletion in the TE material and/or Mg-depleted regions in
the C1 layer) and shape the precipitates of 1,-CuzMg,Si.

This journal is © The Royal Society of Chemistry 2021
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Fig. 11 Cu-Mg-Si, Mg-Si-Sn, and Cu-Mg-Sn isothermal sections at 600 °C with average measured composition in the interconnection zone
(black circles) and in the thermoelectric material (blue square).

4.2.4 Thermodynamic consideration of dopant elements. phases related to Bi or Li systems have been identified in the 1Z;
The dopant elements have an important effect on the transport  therefore, the solubility limits of Bi and Li in the observed
properties of the TE elements. However, since the objective of phases in the IZ have not been exceeded. Below the solubility
this work is to investigate the phase transformations leading to  limit, the dopant species are dissolved in the crystal structure of
a multilayered microstructure in the 1Z the dopants Bi and Li the given phase. In fact, the composition of Bi measured in the
were not included in the present thermodynamic description. samples of about 2.6 at% was always in the C1_Mg,Sn phase.
The elements Bi and Li in dopant concentrations do not affect Although dopants don't have a significant effect on the ther-
the global phase equilibria, and it is safe to assume that they do modynamic stability of the phases in this system, they certainly
not significantly modify the free energy of the solid phases. No have a strong influence on their defect structure.

600 °C Original E to

interface|

ot

C15-Cuy 68Mgg.9SNg.125i0.3
C1-Mg,Sn

liquid

Fig. 12 Scheme of a possible growing sequence of intermediate layers in Mg,(Sig 35N 7)/Cu interconnections produced in a sinter press for
10 min at 600 °C.
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Table 2 Parameters used in this work (tw), given in J mol™ . With reference to the species, 1: Cu, 2: Mg, 3: Mg,Sn, 4: Si and 5: Sn
Phase Eqn i—j, v a, a,, a;_j b, b,, b;_; [ d 10* e f10° Ref.
C15 (2) 1:1 15 000 33
2:2 15 000 33
4:4 90 000 33
5:5 15 000 Tw
1:2 —54690.99 364.73085 —69.27642 —5.19246 143 502 —5.65953 33
2:1 104 971 —16.4645 33
1-2:1 13 011.35 33
1-2:2 13 011.35 33
1:1-2 6599.45 33
2:1-2 6599.45 33
4:1 90 000 33
1:4 90 000 33
2:4 90 000 33
4:2 90 000 33
2—4:2 15 000 33
2—-4:4 15 000 33
1-4:2 —291 567 110 33
1:2—4 —234 365 16 33
2:5 0.0 37
5:2 0.0 37
2-5:5 15 000 33
2—-5:2 15 000 33
1:5 90 000 Tw
5:1 90 000 Tw
1-5:2 —102 000 5 Tw
1:2-5 —189 000 Tw
fee (3) 1-2,0 —22 059.61 5.63232 30
1-4,0 —42 203.5 13.89137 32
1-4,1 —1102.2 —18.177912 32
1-5,0 —12 912 4.72 31
1-5,1 —15 331.3 6.9539 31
2—5,0 —22 000 37
2—-5,1 —20 000 37
bee (3) 1-2,0 —6500 37
1-4,0 —26 447.3 10.21623 32
1-4,1 —47 275.11 —8.517323 32
1-5,0 —44 821.6 51.2164 31
1-5,1 —6876.5 —56.4271 31
hep (3) 2-5,0 —30 000 -3 26
2—5,1 —11293.8 —4.42051 26
2—-4,0 —7148.79 0.894 20
1-2,0 +22 500 -3 30
1-4,0 —26 798.8 —0.731518 32
1-4,1 —28 064.75 —0.028889 32
bet (3) 1-5,0 21 000 45
diamond (3) 4-5,0 25 265.65 23.84 20
Mg,X 2 2:4 —16 177.5 3.8967 18
2:5 —31 024.2 110.918 —21.8911 —0.003028 —210000 26
2:4— 5000 17
2:4— —900 17
Cu,MgSn 1) —19 600 5 37
CuMgSn 1) —26 500 10 37
Cu,gMg,Si, (1) 506 236 20.0884 33
CuMgSi (1) —129 354 8.43518 33
Cuy;5Siy 2 1:4 1240.9639 —6.7191165 33
2:4 5000 33
1-2: —40 000 25 33
Cus6Sig 2) 1:4 1046.4873 —5.8746832 33
2:4 5000 33
1-2: —37 000 3 33
Cu,,Sig 1) 1367.66222 —7.1976229 32
Cug;;Si, 1) 1972.382 —6.9663933 32
Cuy;Sny4 (1) —6323.5 —1.2808 31
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Table 2 (Contd.)
Phase Eqn i—j, v a, a,, a;_j b, by, b;_j [ d 10* e f10° Ref.
CuzSn (1) —8218 —-0.18 37
Cu,y0Sn; €) —6655.0 —1.4483 31
CugSnsL @) —7129.7 0.4059 31
CugSnsH B81_ETA 0:Va (2) 1:1:5 —4335.06 8.88657 45
1:0:5 —12 292.05 2.60267 45
1:1,0:5 —27 696.77 45
CuSn-y 2) 5:1 116 674.85 4.8166 31
1:5 —10 029.85 0.00285 31
1:1-5,0 —1857.8 —2.5311 31
1:1-5,1 0.0 —2.9894 31
1-5:5,0 45 850 —42.2191 31
CuMg, €) —28 620 1.86456 30
liquid 4 0 —69 092.9 97.6086 —11.0957 26
2-3 6902.76 —9.22726 26
3-5 —8289.15 —10.0268 26
2—5 —31251 0.74703 26
2—4,0 —70 055 24.98 18
2—4,1 —1300 18
2—4,2 6272 18
4-5,0 25 364.6 20
4-5/1 3148.8 20
4-5,2 4460.9 20
1-2,0 —36 962.71 4.74394 30
1-2,1 —8182.19 30
1-5,0 —9002.8 —5.8381 31
1-5,1 —20100.4 3.6366 31
1-5,2 —10 528.4 31
1—4,0 —38763.5 12.0 32
1-4,1 —52431.2 27.4571 32
14,2 —29 426.5 14.775 32
1-2-4,0 —27 023.6 32.0757 33
1-2-4,1 —20909.7 29.7609 33
1-2-4,2 —28 7407 —2.87573 33
1-2-5,0 —10 000 20 37
1-2-5,1 —20 000 20 37
1-2-5,2 —60 000 30 37

Nevertheless, the present thermodynamic description can be
enlarged to account for dopant elements, charged carriers,*>**
coating elements and more complex point defect structures. In
the present thermodynamic database, only substitutional
defects are allowed, yet it represents a significant starting point
for incremental improvements based on the proposed ground
thermodynamic description. This description was already
effective to understand the contacts in this study.

5 Conclusions

In this case study, a two step contacting route using Cu as a non-
complex electrode was selected to show significant results
derived only from equilibrium calculations. We provided an
open access set of Gibbs energies for all the phases in the
quaternary Cu-Mg-Si-Sn system, and with this tool we calcu-
lated several diagrams and applied them to the investigation of
Mg, (Sig.3Sn,;)/Cu contacts. The thermodynamic calculations
contributed significantly:

This journal is © The Royal Society of Chemistry 2021

e To effectively anticipate the constitution (crystal structure
of the phases and composition) of the intermediate layers
formed in the interconnection zone of Mg,(Siy.3Sn,.7)/Cu
junctions.

e By providing the phase amount and composition diagrams
for in situ comparison with chemical analysis.

¢ In the interpretation of the microstructure and morphology
in the reacted interconnection zone allowing the outlining of
a possible growth sequence for the intermediate layers
combined with minimum experimental work.

e In providing phase diagrams and thermochemical property
diagrams to support knowledge on phase transformations and
kinetics.

e In providing a roadmap for the identification of processing
conditions to grow desired phases or microstructures. This
allows the determination of suitable contacting parameters for
the manufacture of efficient TE material/metal interconnec-
tions using the knowledge on the liquid zero phase fraction,
thus making this fundamental approach extremely useful in
practice.

J. Mater. Chem. A, 2021, 9, 20436-20452 | 20449


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ta05289f

Open Access Article. Published on 05 August 2021. Downloaded on 1/14/2026 9:53:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

The approach here used can be extended by enlarging the
thermodynamic description to more complex electrodes and
different types of coatings, while coupled to kinetics to
describe further properties of the contacts and the TE material
itself.

The assembled set of Gibbs energies meets the needs of
a thermodynamic database for joining processes contributing
with reliable thermodynamic descriptions in a broad range of
composition and temperature, i.e. in the whole Cu composi-
tion space, and therefore the open set of Gibbs energies in
this work is a crucial starting point for computational
materials/processing design and certainly for further contri-
butions. Hence, the first steps for accelerating the develop-
ment of contact solutions for thermoelectric materials and
improving the TEG fabrication process were presented in this
work.

6 Appendix A: thermodynamic
formalism

Several symbols will be used in this section, defined as follows:

i, species. With i = Cu, Mg, Mg,Sn, Si, Sn.

x;, mole fraction of species i.

y'; and y";, site fraction of species i in the first and second
sublattices.

v, set of integers in the Redlich-Kister power series.

1: Cu, 2: Mg, 3: Mg,Sn, 4: Si and 5: Sn, as coefficient's sub-
indices.

Boldface means the major species in a given sublattice.

Stoichiometric compounds

G-H*R =g+ bT+ ¢TIn T+ dT* + eT™" + fT° (1)

where a to f are coefficients.

View Article Online
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6.1 C15: sublattice model

(Cu,Mg,Si,Sn),(Cu, Mg,Si,Sn),
with
VLiC,l]-Szk =ai ;. +bi; ' T
where Licjjsz « means the interaction parameter between species i
and j when species k is in the second sublattice.
Solid solutions: Redlich-Kister formalism

n

G = Eyl G? + RTixi In(x;)

i=1 i=1

+XCungZ(al—2V + bpz”)(XCu — XMg)V

=0
+xCuxSiZ(a1—4V +bi_4")(xcu — xsi)”
=0
+xCuXSnZ((11—SV +by_s") (xcu — Xsn)” (3)
=0
+ngxSnZ(a2—5V +bys") (ng - xSn)V
=0
+ngXSiZ((1274V +by4") (XMg - xSi)V
=0
+XSiXSnE(a475V + bys”) (xsi — Xsn)”
=0

Liquid phase: associate-solution model

The associate species is Mg,Sn as a constituent of the
liquid phase. This model uses site fractions y;, as previously
defined, to emphasize that the fraction of constituents is not
the same as the component mole fractions, and then it
follows:

n=ycut Ymg + 3VMg,sn T Vsi T Ysn

where n is the number of moles of atoms in 1 mol of species.

C15 SER __ _/ o ~Cl5 / n o ~Cl5 ! o ~Cl5 / o ~CI5
G —H™ =ycucu Goyicu TV MV Mg Opigmg TV siV'si Gsisi TV snd sn Gsy'sn

/ /N °~Cl5 / 1 °~CI5 / /o ~CIS ! i °~CI15
+Vcwy Mg Gewime TV cud'si Gouisi tV cusn Gegtsn TV el o Oy cu

! 1 o ~CI5 ! /o ~CI5 / o ~CI15 ! /- o ~Cl15
+ymel'si Oyg:si TV Mgl 'sn Gyigsn TV siV'cu Ggiocy TV sV ' Me Ogiomg

! o ~Cl1S ! i ©~CI15 ! i o ~Cl5 ! 1 ©~CI15
+y Si) sn GSi:Sn +,ySn,V Cu GSn:Cu +ySny Mg GSn:Mg +,VSny Si GSn:Si

n

>

i = Cu,Mg,Si,Sn

+2RT

: ! /" C15 /" C15
+Y cul Mg (y CL‘LCu,Mg etV MgLCu.Mg : Mg

yli ln(yli) + RT

n

>

i = Cu,Mg,Si,Sn

y”i 1n(y//i)
) (2)

" " ! C15 / Cl5
Y cuy Mg (y CuLCu : CuMg +y MgLMg : CmMg)

! / " Cl15 /" Cl15 1" 1 ! Cl15
+V Mg si (y MeLnigsi: me T silygsi: Si> + Y M) si (y culey” Mgﬁsi)

/ ! 1" C15 /" C15 " " ! C15
+y MgV $n (y S"LMg.Sn :Sn + y MgLMg.Sn : Mg) + Y MgV sn (y CuLCu : Mg75n>

+y/Cuy/Si (y”Mnglll,SSi : Mg) + ylcuy/sn (y”Mngl]l‘SSn : Mg)
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GHi = sz GiLiq + RT/" [yCu In(ycy) + IMmg ln(yMg) + VMg, sn In (yMgZSn) + ysi In(ysi) ysn lﬂ()/Sn)}

i=1

+yMg25n(ao + byT + ¢y T In T)/n

+YMePMg,sa(@3 + by 3 T)/n
+¥YMgVsn (a2—5 + by_s T) /}’l
+yngMngn(a3—5 + b3_5 T)/n

+ZyMgJ’Si (J’Mg - ySi)V(a274V + by 4’ T)/n

+Zy5iys.1 (vsi — Ysn) (as—s" + bs_s"T)/n

+ZJ’CuJ’Mg (yeu = yme) (@12 + b12"T) /n

+ZyCuySn ()’Mg - ySn)V(al—Sy + b175"T)/n

+ZyCuySi (vew —ysi) (a1-4" + 614" T) /n

+YcuYMmelsi [(0172740 + b1—2—40T)yCu + (61172741 + by T)yMg + (61172742 + b1—2—42T)ySi]
+ycurmedsa[(@1-2-5" + b2 s"T)you + (a1-2-s" + b1oas' T)ywg + (a1-2-5> + b1-2-5°T) ysu

Parameters used in this work
Table 2.
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