
MASARYK UNIVERSITY

Faculty of Science
Department of Chemistry 

Experimental and theoretical study of phase diagrams 

Habilitation thesis 

Ondřej Zobač
Brno 2025 



2 

Bibliographic record 
Author 

Title of Thesis: 
Habilitation Field: 
Year: 
Number of Pages: 
Keywords: 

Ondřej Zobač 
Institute of Physics of Materials, The Czech Academy 
of Sciences 

Experimental and theoretical study of phase diagrams 
Physical chemistry 
2025 
220 
phase diagrams, thermodynamic equilibria, scanning 
electron microscopy, X-ray diffraction, differential 
thermal analysis, differential scanning calorimetry, 
CALPHAD, thermodynamic modelling 



3 

Bibliografický záznam 
Autor: 

Název práce: 
Obor habilitačního 
řízení: 
Rok: 
Počet stran: 
Klíčová slova: 

Ondřej Zobač 
Ústav fyziky materiálů, Akademie věd České republiky 

Experimentální a teoretická studie fázových diagramů 

Fyzikální chemie 
2025 
220 
fázové diagramy, termodynamické rovnováhy, 
skenovací elektronová mikroskopie, rentgenová 
difrakční analýza, diferenční termická analýza, 
diferenční skenovací kaloriemtrie, CALPHAD, 
termodynamické modelování 



4 

Table of content 

Table of content .......................................................................................................................... 4 
Commentary to habilitation thesis .............................................................................................. 5 
Komentář k habilitační práci ...................................................................................................... 7  
Declaration ................................................................................................................................. 9 
Acknowledgements .................................................................................................................. 10 
Abbreviations ............................................................................................................................11 
Introduction .............................................................................................................................. 12 
1 Systems studied ................................................................................................................... 13 
2 Experimental investigation of phase diagrams .................................................................... 14 

2.1 Results and discussion .................................................................................................. 15 
3 CALPHAD approach ........................................................................................................... 22 

3.1 Third-generation data of pure elements ........................................................................ 25 
3.2 Results and discussion .................................................................................................. 28 

4 Conclusion ........................................................................................................................... 34 
5 References ........................................................................................................................... 36 

5.1 Author's publications .................................................................................................... 36 
5.2 Further references ......................................................................................................... 37 

6 Papers................................................................................................................................... 41 



5 

Commentary to habilitation thesis 
This habilitation thesis documents the most important research results of the applicant 

after obtaining a doctoral (Ph.D.) degree. The main research activities and results described 
here are related to the experimental and theoretical investigations of various systems, where the 
phase equilibria are unknown or where discrepancies occur in the literature.  

The applicant is an author of thirty-three papers (fifteen of them as a first author) and 
five chapters in monography (two of them as a first author). Twelve papers [P1-P12] are 
included and commented on in this habilitation thesis. Out of these twelve scientific papers in 
journals with impact factor, the applicant is the first author of nine and the corresponding 
author of ten. This habilitation thesis divides topics into two chapters: "Experimental 
investigation of phase diagrams" and "CALPHAD approach". 

The first chapter, "Experimental investigation of phase diagrams", describes the 
construction process of experimental phase diagrams and demonstrates them on selected 
technological perspective systems [P1, P3, P4, P7, P9, P10]. Despite the significant shift in the 
use of theoretical approaches calculating the thermodynamic stability of individual phases using 
ab initio methods, experimental work in the field of phase equilibria is still irreplaceable. 
Moreover, these two approaches are not opposed to each other but can be suitably 
complementary and supportive, as for example, in the experimental observation of the non-
stoichiometricity of the ternary phase in the Al-Ge-Mg system, which was later supported by 
ab initio calculations in combination with phonon spectra (see commentary to paper P10). 
Experimental work is mainly targeted at systems where there are discrepancies between earlier 
works or in areas that have not been studied with sufficient accuracy. The importance of the 
targeted experimental work can be demonstrated on the paper on the Al-Cu system [P1], which 
has gained more than a hundred citations in five years. In this paper, we have newly described, 
among others, the region of transition between γ' and δ phases and metastable congruent melting 
of the θ phase. 

The second chapter, "CALPHAD approach", summarises the core concepts and 
innovations of the semiempirical thermodynamic CALPHAD (Calculation of PHAse Diagram) 
approach [1998Sau] and the author's main contributions in this field [P2, P5, P6, P8, P11, P12]. 
This approach uses a basic amount of input data and the sequential modelling of thermodynamic 
properties to provide robust, consistent and reliable sets of thermodynamic parameters 
describing binary and higher systems. With a reliable and sufficient set of experimental data 
available, it is possible to model such a system with high precision. It is important to have 
experimental or/and ab initio data of both the thermodynamic properties of individual phases 
(e.g. heat capacities, enthalpies of formation or mixing, activities) and phase equilibria (e.g. 
temperatures of phase transformations, chemical compositions and amounts of phases).  

The thermodynamic descriptions of binary and ternary systems are then merged into 
large databases for various material types (e.g. for durals [P2, P5, P11, P12] or thermoelectrics 
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[P6, P8]). These databases have great application potential, especially in the development, 
production and heat treatment of metal alloys.  

By default, the CALPHAD method uses polynomial mathematical models to describe 
the Gibbs energy. These polynomial functions are mostly defined above room temperature only. 
In the last decade, intensive work has been done on a new approach (so-called third-generation 
modelling) based on a physical background using Einstein's heat capacity model for the solid 
phase and the so-called two-state model for the liquid phase of pure elements. The physically 
based theoretical approach of solid phase allows defining a description of unaries over the 
whole temperature range from 0 K to high temperature above the melting temperature. A two-
state model for the liquid phase provides a sound basis for extrapolating the heat capacity to 
temperatures below the melting point. A description of the thermodynamic properties of the 
liquid phase below the melting point is required to describe undercooled liquids and metallic 
glasses. An important part of the transition to the so-called third-generation models is the 
possibility to use the values of the interaction parameters developed earlier for the second 
generation. This approach is described in more detail in a paper dealing with the Al-Zn binary 
system [P2] and in a follow-up paper describing an extension for ternary system Al-Si-Zn 
[P12]. The third-generation issue is jointly addressed by an international working group led by 
Prof. Malin Selleby (KTH Royal Institute of Technology, Stockholm), of which the author of 
this thesis is a member.  

 The author's contributions to the results published in the selected twelve papers 
included in this habilitation thesis are summarised in chapter 5.1 "Author's publications" of this 
thesis. The author's contribution is divided into the following topics: scientific work 
(experimental and theoretical work), supervision of students, manuscript writing and research 
motivation. 



7 

Komentář k habilitační práci 

Tato habilitační práce dokumentuje nejdůležitější výsledky výzkumu uchazeče po 
získání doktorského titulu (Ph.D.). Hlavní výzkumné aktivity a výsledky zde popsané se týkají 
experimentálního a teoretického zkoumání různých slitin, u nichž nejsou známy fázové 
rovnováhy nebo se v literatuře vyskytují rozpory.  

Uchazeč je autorem třiceti tří článků (z toho patnácti jako první autor) a pěti kapitol v 
monografii (z toho dvou jako první autor). Dvanáct prací [P1-P12] je zahrnuto a komentováno 
v této habilitační práci. Z těchto dvanácti vědeckých prací v časopisech s impakt faktorem je 
uchazeč prvním autorem devíti a korespondujícím autorem deseti z nich. Tato habilitační 
práce je tematicky rozdělena do dvou kapitol: „Experimentální popis fázových diagramů“ a 
‚Metoda CALPHAD‘. 

První kapitola „Experimentální popis fázových diagramů“ popisuje postup konstrukce 
experimentálních fázových diagramů a demonstruje je na vybraných technologicky 
perspektivních systémech [P1, P3, P4, P7, P9, P10]. I přes výrazný posun ve využívání 
teoretických přístupů schopných predikovat termodynamickou stabilitu jednotlivých fází 
metodami ab initio je experimentální práce v oblasti fázových rovnováh stále nezastupitelná. 
Tyto dva přístupy navíc nestojí proti sobě, ale mohou se vhodně doplňovat a podporovat, jako 
například při experimentálním pozorování nestechiometričnosti ternární fáze v systému Al-Ge-
Mg, které bylo později podpořeno ab initio výpočty v kombinaci s fononovými spektry (viz 
komentář k článku P10). Experimentální práce jsou zaměřeny především na systémy, kde 
existují rozpory mezi dřívějšími pracemi nebo v oblastech, které nebyly dostatečně přesně 
prozkoumány. Význam cílené experimentální práce lze demonstrovat na článku o systému Al-
Cu [P1], který za pět let získal více než sto citací. V této práci jsme mimo jiné nově popsali 
oblast přechodu mezi fázemi γ' a δ a metastabilní kongruentní tání fáze θ. 

Druhá kapitola „Metoda CALPHAD“ shrnuje základní koncepty a inovace 
semiempirického termodynamického přístupu CALPHAD (Calculation of PHAse Diagram) 
[1998Sau] a hlavní příspěvky autora v této oblasti [P2, P5, P6, P8, P11, P12]. Tento přístup 
využívá základní množství vstupních údajů a postupné modelování termodynamických 
vlastností k získání robustních, konzistentních a spolehlivých souborů termodynamických 
parametrů popisujících binární a vyšší systémy. Pokud je k dispozici spolehlivý a dostatečný 
soubor experimentálních dat, je možné takový systém modelovat s vysokou přesností. Je 
důležité mít k dispozici experimentální a/nebo ab initio údaje jak o termodynamických 
vlastnostech jednotlivých fází (např. tepelné kapacity, tvorné nebo směšovací entalpie, 
aktivity), tak o fázových rovnováhách (např. teploty fázových přeměn, chemické složení a 
množství fází).  

Termodynamické popisy binárních a ternárních systémů jsou pak sloučeny do 
rozsáhlých databází pro různé typy materiálů (např. pro duraly [P2, P5, P11, P12] nebo 
termoelektrika [P6, P8]). Tyto databáze mají velký aplikační potenciál, zejména při vývoji, 
výrobě a tepelném zpracování kovových slitin. 
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Ve výchozím nastavení používá metoda CALPHAD k popisu Gibbsovy energie 
polynomické matematické modely. Tyto polynomiální funkce jsou většinou definovány pouze 
nad pokojovou teplotou. V posledním desetiletí se intenzivně pracuje na novém přístupu (tzv. 
třetí generace) založeném na fyzikálním pozadí s využitím Einsteinova modelu tepelné kapacity 
pro pevnou fázi a tzv. modelu dvou stvů pro kapalnou fázi čistých prvků. Fyzikálně založený 
teoretický přístup pro pevnou fázi umožňuje definovat popis čistých prvků v celém teplotním 
rozsahu od 0 K až po vysoké teploty nad teplotou tání. Model dvou stavů pro kapalnou fázi 
poskytuje spolehlivý základ pro extrapolaci tepelné kapacity na teploty pod bodem tání. Popis 
termodynamických vlastností kapalné fáze pod bodem tání je nutný pro popis podchlazených 
kapalin a kovových skel. Důležitou součástí přechodu k modelům tzv. třetí generace je možnost 
použít hodnoty interakčních parametrů vyvinuté dříve pro druhou generaci. Tento přístup je 
podrobněji popsán v článku zabývajícím se binárním systémem Al-Zn [P2] a v navazujícím 
článku popisujícím rozšíření pro ternární systém Al-Si-Zn [P12]. Problematikou třetí generace 
se společně zabývá mezinárodní pracovní skupina vedená Prof. Malin Selleby (Královský 
technologický institut KTH, Stockholm), jejímž členem je i autor této práce.  

Autorův podíl na výsledcích publikovaných ve vybraných jedenácti pracích obsažených 
v této habilitační práci je shrnut v kapitole 5.1 „Author's publications“ této práce. Autorův podíl 
je rozdělen do následujících témat: vědecká práce (experimentální a teoretická práce), vedení 
studentů, psaní rukopisů a motivace k výzkumu. 
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Introduction 
The idea of equilibrium phase diagrams dates back to the second half of the 19th century 

to J. W. Gibbs and his study of thermodynamics and phase equilibria. A phase diagram is 
a graphical representation of the state of a system in thermodynamic equilibrium as a function 
of selected state variables. Phase diagrams are directly related to the rules of thermodynamics 
and thermodynamic quantities. They differ from property diagrams, because they carry 
a different type of information. Each point in a phase diagram has its own meaning and carries 
some information about phase equilibria. 

The equilibrium phase diagram is an essential source of information for the design of 
new materials. Detailed knowledge of the coexistence and stability of phases in stable or 
metastable equilibrium significantly rationalises the development of material research.  

For the experimental phase diagram investigation, a combination of dynamic and 
static analytical methods can be used. The overall and phase chemical composition is measured 
by scanning electron microscopy with an energy/wave dispersive X-ray spectroscopy detector 
(SEM-EDX/WDX) or transmission electron microscopy (sTEM-EDX) in specific cases. 
Identification of phase structure is done by powder X-ray diffraction (XRD) or electron 
diffraction analysis in TEM.  Temperatures of phase transitions are evaluated by methods of 
thermal analysis - differential scanning calorimetry (DSC) or differential thermal analysis 
(DTA).  

Phase diagrams can be predicted by a semiempirical thermodynamic method known as 
a CALPHAD approach (CALculation of the PHAse Diagram) [1998Sau]. This approach is 
based on the sequential modelling of multicomponent systems, starting from the simplest - 
modelling the temperature dependence of the Gibbs energy of the pure elements, followed by 
modelling more complex binary and ternary systems, which include solid solutions and 
intermetallic phases. The robust theoretical description of simpler (binary and ternary) systems 
consequently allows us to predict the behaviour of complex multicomponent systems by 
extrapolation without additional model parameters. The knowledge of the Gibbs energy 
dependence on composition, temperature and pressure for all phases which might occur in the 
system (stable and even metastable) is crucial. Unfortunately, this information is usually 
experimentally inaccessible for metastable phases. The lack of experimental data can be 
compensated by first-principles calculations, which, based on quantum mechanics, can 
determine thermodynamic quantities such as enthalpy of formation even for metastable or 
unstable phases at temperature T = 0 K. Using phonon spectra modelling, the calculations can 
be extended to the high-temperature region and used to calculate e.g. the specific heat capacity 
for a given phase.  

Over the last decade, an international collaborative activity has started towards the 
development of a new generation of data for the pure elements [2017Vre, 2018Jia, 2019Big] 
based on the conclusions of a series of workshops held at Schloß Ringberg [1995Agr, 1995Cha, 
1995Sun]. This progress is motivated by the suggestion that the thermodynamic functions for 
elements should be described by models accounting for different physical phenomena rather 
than simple mathematical polynomials.  
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1 Systems studied 
Since this work is devoted to the experimental and theoretical studies of phase diagrams, 

a characterisation and list of the systems studied are given in this chapter. 

The first group of studied materials are aluminium-based alloys, namely the binary 
systems Al-Cu [P1, P6] and Al-Zn [P2] and ternary systems Al-Cu-Zn [P3], Al-Cu-Si [P4], Al-
Si-Zn [12] and Al-Ge-Mg [P10]. Dural alloys based on the Al-Cu system are of great 
technological importance, e.g. for producing castings for automotive engine components. Heat-
treated alloys can achieve superior mechanical properties for aircraft and other high-strength 
applications. Specifically, Al-Cu-Si alloys are of interest for automotive and aerospace 
technology applications due to their quality and lightweight. Their corrosion resistance is 
superior to that of Al-Cu alloys, and their strength is better than that of Al-Si alloys [2005Pan]. 
Alloys in the Al-Cu-Zn system, on the other hand, have been intensively studied for shape-
memory properties of the β BCC_A2 phase in these alloys [2013Gom, 2015Gom]. 

The second group of materials is selenium-based alloys, namely binary system Ni-Se 
[P7] and ternary systems Ag-Se-Sn [P8], Pb-Se-Sn [P9] and Ni-Se-Sn [P12], which are 
promising as a basis of future advanced materials for photovoltaics, superconductors, 
thermoelectrics, etc. Among others, for example, SnSe2 is well known for its interesting 
thermophysical [2012He], transport [2017Din] and thermoelectric properties [2018Zou] and 
NiSe continuously attracts attention for its structural, electronic, thermal and transport 
properties [2019Goe].  
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2 Experimental investigation of phase diagrams 
Sample preparation is crucial for the study of experimental phase diagrams because even 

the best analytical methods cannot extract relevant information from a poorly prepared sample. 
Alloy samples can be prepared from pure elements or so-called mother-alloys. For the synthesis 
of alloys, it is necessary to select elements of sufficient purity (usually at least 99.99 %) and to 
protect them against the influence of the external atmosphere, especially oxidation, both during 
casting and further processing. Alloying can occur in an arc-melting furnace or in an evacuated 
quartz glass ampoule in a conventional furnace. The alloy must be shaken or inverted to ensure 
the highest possible homogeneity of the sample. The microstructure of the alloyed samples 
(so-called as-cast state) should be analysed for subsequent comparison with the microstructure 
of the annealed samples. The resulting alloys are annealed in evacuated quartz glass ampoules 
for a long time. In the case of elements that interact with the quartz glass or are highly reactive, 
it is advisable to place them in a corundum crucible to avoid direct contact of the sample with 
the wall of the quartz ampoule. The annealing is completed by dropping the sample vial into 
ice-cold water, where the vial must be broken immediately below the surface. In the case of 
water-reactive samples, quenching in liquid nitrogen is used. Metallographic grinding and 
sample polishing are necessary to prepare the surface for microscopic observation. Reactive 
samples need to be ground and polished under an anhydrous coolant such as ethanol or 
isopropanol to avoid surface oxidation of the sample.  

A combination of static and dynamic analytical methods is used to characterise the phase 
equilibrium. The overall and phase composition is usually measured by SEM. The overall 
chemical composition is measured over as large area of the sample as possible. It is useful to 
compare it with the nominal composition obtained from pure metal weights. In this way, it can 
be determined whether there is a change in composition during synthesis, e.g. by evaporation 
of a high vapour-tensile element. The chemical composition of the phases is measured 
pointwise, in the middle of the grain, to avoid the interaction of the irradiated volume with the 
matrix or the adjacent grain. Phases that have decomposed to a fine-grained structure during 
quenching (typically liquid) are measured as an area scan to record the chemical composition 
of the phase before the decomposition. 

The crystallographic structure of the coexisting phases can be confirmed by powder 
XRD methods. For this analysis, a fine powder must be prepared from the alloy. For brittle 
materials, the powder can be prepared using a friction pan and a pestle (steel or agate). If the 
alloy is too hard, the powder can be prepared using a diamond file. However, the resulting 
powder needs to be annealed briefly at an annealing temperature to release the stresses in the 
material created by the use of the file. Alloys that are ductile or malleable can be analysed using 
the metallographically prepared surface, where the grains are expected to be randomly oriented 
and in sufficient quantity for XRD measurements. It is advisable to perform a Rietveld analysis 
for the evaluation of XRD patterns to allow a comparison of the observed composition of the 
individual phases with the results of the SEM-EDX chemical analysis, although a qualitative 
assessment would theoretically be sufficient for the identification of stable phases. In the case 
of binary phases with a solubility of a third element, a change of the lattice parameters induced 
by the third element-impurity introduction should be considered. 
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2.1 Results and Discussion 
Although the Al-Cu [P1] system and its alloys are widely used industrially and have 

been studied for a long time, due to their complexity, they have not been reliably described 
experimentally over the whole range of concentrations and temperatures. Figure 1 shows the 
gradual evolution of the Al-Cu phase diagram as different authors refined the phase equilibria 
over time [1978Kau, 1985Mur, 2011Pon, P1]. It can be seen that the gradual development of 
knowledge about the behaviour of the Al-Cu binary system and led to the discovery of the very 
complex behaviour of the stable phases. According to [P1], there are a total of twelve individual 
phases in the Al-Cu system that interact with each other in different ways. Although Ponweiser 
et al. [2011Pon] experimentally described the phase diagram of Al-Cu over the whole range of 
concentrations and temperatures, they still did not resolve some unanswered questions, 
especially in the central region of the diagram, e.g. regarding the stability and interactions of 
the δ phase. 

 

 

(a) (b) 

  

  

(c) (d) 

Figure 1: Binary phase diagram of the Al-Cu system: a) Kaufmann [1978Kau]; 
b) Murray [1985Mur]; c) Ponweiser [2011Pon]; d) Zobač [P1] with superimposed 

new experimental data from Zobač [P1] and from Ponweiser [2011Pon]. 
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In light of the previously stated information, forty samples were prepared and long-term 
annealed at eight different temperatures to study the Al-Cu phase diagram. Another ten samples 
were used to study the metastable equilibrium of the theta phase transition. A total of thirty 
samples were studied by thermal analysis using DTA and DSC. The obtained results are 
presented in Ref. [P1] and can be summarised as follows. It was found that the theta phase 
decomposes peritectically upon heating, although the metastable equilibrium corresponds to 
congruent melting. The zeta phase was determined stable in the 373 °C - 597 °C temperature 
range. The two-phase field region γ' + δ was newly determined. The temperature of the second-
order γ ↔ γ' transition was determined to be 779.6 °C (see Figure 2).  

Figure 2: Second and third DSC heating curves of Al-71.8Cu (at. %) sample. 
Measured signals correspond to the higher ordered phase transition γ ↔ γ' and to 
transition β ↔ γ +β. A heating rate 1 °C min−1, under the inert atmosphere 5N Ar 

flowing 50 ml min−1 was selected. 

Although the phase diagram of the Al-Cu system has been intensively studied in the 
past, these new findings have been widely accepted by the scientific community, as evidenced 
by the high number of citations in materials science journals. This demonstrates the timeliness 
and usefulness of the detailed study of phase equilibria, even in simple, presumably well-known 
systems. 

Subsequently, the Al-Cu-Zn ternary phase diagram was studied at four temperatures 
(400 °C, 550 °C, 700 °C and 820 °C) [P3], where a total of 119 samples were analysed. Here, 
the mutual interactions of the γ + γ' phases were studied over the entire concentration and 
temperature range: the two-phase field was found at temperatures of 400 °C and below, with 
a second-order transition at higher temperatures. The interaction between γ + γ' phases has been 
extensively studied in the past [1998Lia, 2015Lia] and various alternatives have been proposed 
due to the high potential of these brass phases. Finally, our work has provided an experimental 
evidence for the existence of two-phase regions at lower temperatures as well as second-order 
transitions at higher temperatures. The isothermal section of the Al-Cu-Zn ternary phase 
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diagram at 400 °C is shown in Figure 3a and the isopleth passing through the γ + γ' two-phase 
region is shown in Figure 3b. 

  
(a) (b) 

Figure 3: Experimental phase diagram of the system Al-Cu-Zn: a) isothermal 
section at 400 °C [P3]; b) isopleths going through the two-phase field γ + γ' [P3]. 

 

Figure 4: Central part of XRD pattern of selected Al-Cu-Zn alloys containing 
ternary phase τ. Rectangles indicate specific peaks of the rhombohedral τr phase; 

ellipses denote peaks identifying the incommensurate phase τi. Overall 
compositions of the samples are following: a) 28.9Al-Cu-21.7Zn (τc); b) 32.8Al-
Cu-19.4Zn (τc); c) 35.0Al-Cu-18.9Zn (τi); d) 39.9Al-Cu-15.5Zn (τi); e) 45.4Al-

Cu-11.0Zn (τi ); f) 48.4Al-Cu-9.9Zn (τr ). Compositions are given in at. %. 

Furthermore, three structural modifications of the ternary phase τ at 400 °C were found 
in the Al-Cu-Zn system [P3]: a cubic CsCl-type structure (τc), a derived rhombohedral structure 
(τr) and an apparently incommensurate modulation structure (τi), in the region in between the 
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τc and τr. These findings were confirmed by the careful analysis of the specific XRD patterns 
(see Figure 4). 

In total, four isothermal sections of the phase diagram of the Al-Cu-Zn system were 
constructed in whole concentration ranges at temperatures of 400 °C, 550 °C, 700 °C and 
820 °C. 

The ternary system Al-Cu-Si [P4] contains one ternary phase τ at 700 °C with an unclear 
structure, according to Ponweiser [2012Pon]. The aim of my work was to clarify the structure 
and stability of the proposed ternary phase and to describe the Al-Cu-Si phase diagram in 
a larger temperature range. Hence, two isothermal sections of the ternary Al-Cu-Si phase 
diagram at 600 °C and 800 °C and one isopleth led through the proposed stability region of the 
ternary phase τ were studied. Over sixty samples were long-term annealed, and six samples 
were analysed using thermal analysis. Figure 5a shows the Cu-rich part of the isothermal section 
at 800 °C; the rest of the section is quite elementary because all the binary phases are in 
equilibrium with silicon with very small mutual solubility. Figure 6 is a micrograph of the 
sample 7.0Al-Si-79.3Cu (at. %) consisting of phases κ and δ. 

 

 

 

(a) (b) 

Figure 5: Experimental phase diagram of the Al-Cu-Si system: a) copper-rich part 
of the isothermal section at 800 °C; b) isopleth through the one phase region of δ 

phase superimposed with experimental data [P4]. 
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Figure 6: A micrograph of sample 7.0Al-Si-79.3Cu (at. %) consisting of phases 
CuSi_κ and CuSi_δ. 

The main objective concerning the stability of the ternary phase τ was solved based on 
the results of the thermal analysis. It was found that the ternary phase stable at 700 °C proposed 
by Ponweiser is, in fact, a pseudo-ternary δ phase, which is stable at higher temperatures in the 
Cu-Si binary phase diagram, and stabilised by aluminium at lower temperatures (see Figure 
5b). The high solubility of the third element in the CuSi_κ and AlCu_γ binary phases was 
observed. 

The phase equilibria and phase diagram of the ternary Al-Ge-Mg system [P10] were 
experimentally studied at temperatures of 250 °C, 300 °C, 400 °C and 450 °C because no 
experimental data about the isothermal sections was published before. The obtained results 
were based on a study of twenty-eight samples. Significant solubility of the binary intermetallic 
phase GeMg2 was observed (see Figure 7a) in contrast to its stoichiometricity reported in the 
literature [1971Rao, 2010Yan]. The ternary phase τ (Al2Ge2Mg) proposed by Pukas in the 
structural study [2012Puk] was found to be thermodynamically stable at all the temperatures 
studied. The microstructure of the sample with the stable phase τ is given in Figure 7b. 
Nevertheless, the chemical composition of the τ phase was 36Al-Ge-28Mg (at. %), which does 
not correspond to the published stoichiometricity of Al2Ge2Mg proposed by Pukas [2012Puk]. 
The stability of the off-stoichiometric phase (Al7Ge8Mg5) was later studied by ab initio methods 
by Friak et al. [2024Fri]. Considering static lattices, both the stoichiometric Al2Ge2Mg τ phase 
and its non-stoichiometric Al7Ge8Mg5 variant were found mechanically and dynamically stable. 
Further, the static-lattice stoichiometric Al2Ge2Mg τ phase is predicted to be thermodynamically 
more stable than the non-stoichiometric case. When making the thermodynamic assessment 
more realistic by including phonons, the free energies of formation containing phonon 
contributions show that the non-stoichiometric Al7Ge8Mg5 is thermodynamically more stable 
than the stoichiometric Al2Ge2Mg τ phase, even at 0 K (see Figure 7c). Figure 7d compares 20-
atom calculated supercells Al2Ge2Mg (upper) and Al7Ge8Mg5 (lower). 
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Figure 7: Characteristics of the Al-Ge-Mg system and its phases: a) isothermal 
section of ternary phase diagram at 250 °C; b) microstructure of the sample 

63.9Al-32.9Ge-Mg (at. %) consisting of germanium, aluminium and ternary phase 
τ; c) calculated temperature dependence of formation free energy of Al2Ge2Mg 

and Al7Ge8Mg5; d) schematic visualisation of 20-atom calculated supercells 
(upper Al2Ge2Mg τ, lower Al7Ge8Mg5). 

The Ag-Se-Sn system [P8] has recently been studied [2020Ram], but some of its 
complex phase equilibria have not been well described. Therefore, thirty-four samples were 
studied to investigate the phase equilibria at temperatures of 250 °C, 400 °C and 550 °C. The 
ternary Ag-Se-Sn system contains two ternary phases, Ag8Se6Sn and AgSe2Sn. It was found 
that the ternary phase Ag8Se6Sn is characterised by a huge solubility of Se in its structure at 250 
°C, although it is almost stoichiometric at 550 °C (compare Figures 8a and 8b). In contrast to 
the recently published isothermal section [2020Ram], an intermediate liquid region was found 
at 550 °C. This result agrees well with previously published liquid surface and vertical liquid 
sections in the works of Yusibov et al. [2018Yus] and Ollitrault-Fitchet et al. [1988Oll]. 

 
 

(a) 
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Figure 8: Isothermal section of ternary phase diagram Ag-Se-Sn at  
a) 250 °C and b) 550 °C with noticeable difference in solubility of ternary phase 

Ag8Se6Sn and the intermediate liquid phase. 

In the ternary system Ni-Se-Sn [P12], three ternary phases, Ni5.62SnSe2, Ni3SnSe and 
NiSeSn, are known from the literature [2004Bar, 2021Mus]. To acquire more information, three 
isothermal sections of ternary phase diagram Ni-Se-Sn have been studied at temperatures 
527 °C, 727 °C and 827 °C based on detailed analyses of twenty-seven long-term annealed 
samples. Isothermal section of phase diagram Ni-Se-Sn is shown on Fig 9a. Only Ni5.62SnSe2 

ternary phase was stable up to 727 °C with small solubility around the ideal stoichiometric 
composition. Metastable binary phase Ni3Se4 was found to be stable as a pseudoternary phase 
at 527 °C (see micrograph on Fig. 9b), probably stabilised by a small amount of tin. This finding 
reasonably corresponds with the literature [1960Hil]. The remaining two ternary phases, 
Ni3SnSe and NiSeSn, might be stable at lower temperatures or are metastable. 

 

   

Figure 9: Characteristics of the Ni-Se-Sn system: a) isothermal section of phase 
diagram at 727 °C; b) microstructure of the sample with overall composition 

19.1Ni-53.8Se-Sn (at. %) in BSE mode.  
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3 CALPHAD approach 
Detailed knowledge of the coexistence and stability of phases in stable or metastable 

equilibrium significantly rationalises the development of material research. Equilibrium phase 
diagrams are also important in other fields of science and engineering, e.g. for the prediction of 
material properties. Phase diagrams can either be investigated experimentally or predicted by 
a theoretical semiempirical method known as the CALPHAD method [1998Sau]. 
Unfortunately, the experimental data are often sparse and difficult and expensive to obtain for 
the complex and in-practice-significant systems; therefore, the semiempirical CALPHAD 
modelling significantly contributes to the description of phase equilibria. 

The main feature of the CALPHAD approach is the combination of experimental 
observations and theoretical modelling. Experimental thermodynamic and phase data are used 
to optimise the model parameters describing the Gibbs energy of phases as a function of 
pressure, temperature and composition. Using this approach, one can find the phase 
composition at thermodynamic equilibrium corresponding to the minimum total Gibbs energy 
of a closed system at constant temperature and pressure. The calculations are usually performed 
using specific software (most commonly Pandat [2009Cao], ThermoCalc [2002And] and 
FactSage [2002Bal]), which searches for the thermodynamic equilibrium of the system through 
the Gibbs energy constrained minimisation for a given temperature, pressure and overall 
composition. The Gibbs energies are considered relative to the standard element reference 
(SER) states, which means relative to the Gibbs energies of the phases of the pure elements 
stable at p = 101 325 Pa and T = 298 K. The data for the pure elements are provided in the unary 
SGTE database [1991Din].  

Solution phases 

The molar Gibbs energy of a liquid (and solid solution) 𝐺𝐺𝑚𝑚 
𝜑𝜑  can generally be defined as 

the sum of several contributions: 

  ∑ 𝑥𝑥𝑖𝑖𝑛𝑛
𝑖𝑖=1 ∙ 𝐺𝐺0 𝑚𝑚,𝑖𝑖

𝜑𝜑 + 𝑅𝑅𝑅𝑅 ∙ ∑ 𝑥𝑥𝑖𝑖𝑛𝑛
𝑖𝑖=1 ∙ ln(𝑥𝑥𝑖𝑖) + 𝐺𝐺𝐸𝐸 𝑚𝑚

𝜑𝜑 + 𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚
𝑚𝑚
𝜑𝜑 + 𝐺𝐺𝑝𝑝 𝑚𝑚

𝜑𝜑, (1) 
 

where the first term is the molar reference Gibbs energy 𝐺𝐺𝑟𝑟𝑟𝑟𝑟𝑟
𝑚𝑚 
𝜑𝜑 , which consists of the weighted 

sum of the Gibbs energies of the i components in the crystallographic structure identical to the 
phase φ with respect to the chosen reference state. Here, xi is the molar fraction of component 
i and the temperature dependence of the Gibbs energy of pure component i in phase φ, 𝐺𝐺0 𝑚𝑚,𝑖𝑖

𝜑𝜑 , 
can be expressed by a polynomial [1]: 

𝐺𝐺𝑚𝑚,𝑖𝑖
𝜑𝜑 =  𝑎𝑎 + 𝑏𝑏 ∙ 𝑇𝑇 + 𝑐𝑐 ∙ 𝑇𝑇ln(𝑇𝑇) + ∑𝑛𝑛 ∙ 𝑑𝑑𝑖𝑖 ∙ 𝑇𝑇𝑛𝑛−1, (2) 

     

where a, b, c and di are adjustable coefficients, n is a set of integers (usually 2, 3 and −1) and T 
is the temperature. 
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The second term in equation (1) is the contribution to the Gibbs energy from the ideal 
mixing of the components on the crystal lattice or in the liquid 𝐺𝐺𝑖𝑖𝑖𝑖

𝑚𝑚
𝜑𝜑, where n is the number of 

components. 

The third term, the excess molar Gibbs energy 𝐺𝐺𝐸𝐸 𝑚𝑚
𝜑𝜑, describes the effect of the non-

ideal behaviour of the system on the thermodynamic properties of the phase and is given by the 
Redlich-Kister formalism [1998Sau, 2004Luk]: 

𝐺𝐺𝐸𝐸 𝑚𝑚 
𝜑𝜑 =  ∑ 𝑥𝑥𝑖𝑖𝑛𝑛

𝑖𝑖,𝑗𝑗=1
𝑖𝑖≠𝑗𝑗

∙ 𝑥𝑥𝑗𝑗 ∙  ∑ 𝐿𝐿(𝑥𝑥𝑖𝑖 − 𝑥𝑥𝑗𝑗𝑧𝑧𝑚𝑚
𝑧𝑧=0 )𝑧𝑧, (3) 

where zL are temperature-dependent interaction parameters describing the interaction between 
components i and j. Their temperature dependence is defined as: 

𝐿𝐿𝑧𝑧 (𝑇𝑇) = 𝑎𝑎 + 𝑏𝑏 ∙ 𝑇𝑇 + 𝑐𝑐 ∙ 𝑇𝑇ln(𝑇𝑇) (4) 

The fourth term 𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚
𝑚𝑚
𝜑𝜑 describes the magnetic contribution of the φ phase and the fifth 

term 𝐺𝐺𝑝𝑝 𝑚𝑚
𝜑𝜑 is the pressure contribution. The pressure contribution is only relevant for very high 

pressures or when a gaseous phase is present in the reaction  

Usually, the phases with the face-centred cubic A1 (FCC_A1), body-centred cubic A2 
(BCC_A2), and hexagonal close-packed A3 (HCP_A3) are modelled as solid solutions, which 
can be considered as a substitution phase of the solid solution with one sublattice. However, it 
is more convenient to model these phases as an interstitial solid solution using two sublattices 
(M)1(X,Va)n. Here, the first sublattice is occupied by metal atoms and the second by interstitial 
X atoms (such as carbon, nitrogen) or vacancies Va. This model is generally used to remain 
consistent with assessments of systems containing these phases with interstitials. In systems 
without interstitial atoms, the second sublattice contains only vacancies and the model behaves 
like the substitution model described above. 

Intermetallic phases 

The Compound Energy Formalism (CEF) was used to model intermetallics. The molar 
reference Gibbs energy (analogous to the first term in equation (1) for the two-sublattice model 
is given as: 

𝐺𝐺𝑟𝑟𝑟𝑟𝑟𝑟
𝑚𝑚
𝜑𝜑 =  ∑ 𝑦𝑦𝑖𝑖1

𝑖𝑖,𝑗𝑗 ∙ 𝑦𝑦𝑗𝑗2 ∙ 𝐺𝐺𝑖𝑖:𝑗𝑗0 ,  (5) 

where the terms pyi are the site fractions of the individual components i and j in sublattice p. 
The term 0Gi:j describes the Gibbs energy of the so-called "end-member" i:j. The end-members 
are structures with all possible exclusive occupancies of the sublattices by the available 
components. Hence, a pure element can occur even in a crystallographic structure φ if both 
sublattices are occupied by him. Usually, only a few end-members of a compound exist, but 
data on the Gibbs energy of all of them are necessary for theoretical modelling. 



24 
 

The ideal mixing term 𝐺𝐺𝑖𝑖𝑖𝑖
𝑚𝑚
𝜑𝜑 in the two-sublattice model is given by the equation: 

𝐺𝐺𝑖𝑖𝑖𝑖
𝑚𝑚
𝜑𝜑 =  ∑ 𝑓𝑓𝑝𝑝2

𝑝𝑝=1 ∙ ∑ 𝑦𝑦𝑖𝑖
𝑝𝑝𝑛𝑛

𝑖𝑖=1 ∙ 𝑙𝑙𝑙𝑙 ( 𝑦𝑦𝑖𝑖
𝑝𝑝 ), (6) 

where fp is the stoichiometric coefficient for sublattice p and the second sum describes the effect 
of the ideal mixing within the sublattice p, similar to equation (1).  

The simplest model for the description of the contribution of the excess Gibbs energy 
for the two-sublattice model is defined as: 

𝐺𝐺𝐸𝐸
𝜑𝜑 = �𝑦𝑦𝑘𝑘2

𝑛𝑛

𝑘𝑘=1

∙ � 𝑦𝑦𝑖𝑖1 ∙ 𝑦𝑦𝑗𝑗1 ∙ 𝐿𝐿𝑖𝑖,𝑗𝑗:𝑘𝑘 +
𝑛𝑛

𝑖𝑖,𝑗𝑗=1

�𝑦𝑦𝑘𝑘1
𝑛𝑛

𝑘𝑘=1

∙ � 𝑦𝑦𝑖𝑖2 ∙ 𝑦𝑦𝑗𝑗2 ∙ 𝐿𝐿𝑘𝑘:𝑖𝑖,𝑗𝑗

𝑛𝑛

𝑖𝑖,𝑗𝑗=1

 (7) 
 

where  

𝐿𝐿(𝑖𝑖,𝑗𝑗:𝑘𝑘) = � 𝐿𝐿(𝑖𝑖,𝑗𝑗:𝑘𝑘)
𝑧𝑧

𝑧𝑧

∙ �𝑦𝑦𝑖𝑖 − 𝑦𝑦𝑗𝑗�
𝑧𝑧
 (8) 

 
Here, the Li:j,k and zLi:j,k parameters describe the mutual interaction of constituents i and j in the 
first sublattice, when the second sublattice is fully occupied by constituent k. Moreover, this 
description can be extended to any number of sublattices. 

The temperature dependence of the Gibbs energy of the pure constituent i in pure-
constituent type formalism is expressed by equation (2). This expression is usually required for 
a given phase to cover the whole temperature range of interest. The whole temperature range 
can be described by multiple polynomials, but they must be continuously connected at the 
transition point. From such expression of Gibbs energy, the other molar thermodynamic 
functions such as entropy S, enthalpy H and heat capacity Cp can be evaluated as follows 
[1991Din]: 

𝑆𝑆𝑚𝑚
𝜑𝜑 =  −𝑏𝑏 − 𝑐𝑐 − 𝑐𝑐 ∙ ln(𝑇𝑇) −�𝑛𝑛 ∙𝑑𝑑𝑖𝑖 ∙ 𝑇𝑇𝑛𝑛−1, (9) 

 

𝐻𝐻𝑚𝑚
𝜑𝜑 =  𝑎𝑎 − 𝑐𝑐 ∙ 𝑇𝑇 −�(𝑛𝑛 − 1) ∙ 𝑑𝑑𝑖𝑖 ∙ 𝑇𝑇𝑛𝑛, (10) 

 

𝐶𝐶𝑝𝑝𝑚𝑚
𝜑𝜑 =  −𝑐𝑐 ∙ 𝑇𝑇 − ∑𝑛𝑛 ∙ (𝑛𝑛 − 1) ∙ 𝑑𝑑𝑖𝑖 ∙ 𝑇𝑇𝑛𝑛−1. (11) 

 

The variable coefficients of equation (11) describing the temperature dependence of the 
heat capacity of a given phase can be fitted to the experimental data and subsequently converted 
to the database in the form of Gibbs energy (equation 2). The parameters "a" and "b·T" remain 
optimisable to achieve agreement with the experimental phase diagram. 

 

 



25 
 

Thermodynamic databases 

The results of the theoretical modelling of phase diagrams and thermodynamic 
quantities strongly depend on the quality of the data available for the system under study and 
their appropriate implementation in thermodynamic parameter databases. Even the most 
advanced software is unusable without reliable and consistent datasets. The Gibbs energy 
description used for each phase in the thermodynamic database must be unique and based on 
the same assumptions, conditions and models. The reason for this is consistency in the 
description of the individual phases when creating larger databases for complex systems, so 
that individual phase interactions can be modelled correctly. The polynomial describing the 
dependence of the Gibbs energy on temperature, pressure and composition of each component 
must, therefore, be mutually compatible, including other contributions, such as those related to 
the magnetic properties of the phase. For phases with the same or similar structure, it is 
appropriate to use the same model and phase name for all systems (binary, ternary and higher) 
where the phase occurs.  

Large databases of thermodynamic parameters describing many binary and higher 
systems are usually created for specific materials, such as steels, solders, HEA alloys, etc. These 
databases are nowadays mainly designed by software (such as ThermoCalc, Pandat or 
FactSage) developers and sold to their users or bundled with the software. Nevertheless, many 
industrial companies develop their own databases (e.g. the Fe-C-Al-Si-Mn database developed 
by the applicant for voestalpine company) or are developed within scientific teams in the 
context of applied research (e.g. the Ag-Se-Sn-Pb thermoelectric materials database or the 
Steel16 steel database, in the development of which the applicant participated). 

3.1 Third-generation data of pure elements 
As mentioned above, the standardised thermodynamic description of the unary (pure 

element) Gibbs energies is essential for calculating the phase diagram of the higher-order 
systems and the consistency of obtained thermodynamic datasets. 

The commonly used SGTE [1991Din] pure element database is limited to temperatures 
above room temperature. Furthermore, for systems with elements with different melting 
temperatures, the occurrence of breaks in the heat capacity calculation is also a problem. These 
breaks arise from predicting the heat capacity using the Neumann-Kopp rule, which is based 
on the weighted average of the contributing elements. Using the Einstein or Debye model with 
correction for crystalline phases allows a description of unaries over the whole temperature 
range from 0 K to temperature above the melting temperature [1995Cha]. In addition, a two-
state model for the liquid phase provides a sound basis for extrapolating its heat capacity to 
temperatures below the melting point [1995Agr, 2014Bec]. A description of the thermodynamic 
properties of the liquid phase below the melting point is required to describe undercooled 
liquids and glasses. The use of new approaches (such as describing solid phases down to 0 K 
temperature or liquid phase below melting temperature) has led to the emergence of the new, 
third generation of thermodynamic data.  
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It has to be noted that transfer to the third-generation data is connected with a huge 
amount of work because the new generation of the thermodynamic descriptions of data for the 
unaries requires the reassessment of all binaries and higher-order systems. As there has been an 
enormous time and financial investment in current SGTE data, the transfer to the third 
generation is not supported by the whole scientific community. 

Crystalline phases  

In the third-generation approach, a thermodynamic description of the thermodynamic 
properties of a crystalline solid phase could be based on either the Einstein or Debye models 
for the heat capacity modelling [1995Cha]. In line with the recommendations of the Ringberg 
workshops [1995Cha], the Einstein model was used to represent the thermodynamic properties 
of the crystalline phases with the addition of terms which represents the CV to Cp correction, 
anharmonicity corrections and electronic contributions. The value of the Einstein temperature 
should be chosen so that the resulting fit gives a good representation of the heat capacity at the 
whole temperature range [2015Pav] and that it reproduces precisely the assessed value for S298. 
At temperatures above the melting point, the heat capacity will be extrapolated smoothly to 
merge with the data for the liquid phase at very high temperatures. 

For the description of the heat capacity Cp of a crystalline phase, the Einstein model 
yields the relation: 

𝐶𝐶𝑝𝑝 = 3𝑅𝑅 �
𝜃𝜃𝐸𝐸
𝑇𝑇
�
2 𝑒𝑒𝜃𝜃𝐸𝐸 𝑇𝑇⁄

(𝑒𝑒𝜃𝜃𝐸𝐸 𝑇𝑇⁄ − 1)2 (13) 

 
where R is the universal gas constant and 𝜃𝜃𝐸𝐸  is an Einstein temperature. The Gibbs energy and 
entropy can also be expressed by following equation: 

𝐺𝐺 =  𝐸𝐸0 +
3
2
𝑅𝑅𝜃𝜃𝐸𝐸 + 3𝑅𝑅𝑅𝑅 ln

�𝑒𝑒𝜃𝜃𝐸𝐸 𝑇𝑇⁄ − 1�
𝑒𝑒𝜃𝜃𝐸𝐸 𝑇𝑇⁄  (14) 

𝑆𝑆 =  3𝑅𝑅 �
𝜃𝜃𝐸𝐸 𝑇𝑇⁄

(𝑒𝑒𝜃𝜃𝐸𝐸 𝑇𝑇⁄ − 1) − 𝑙𝑙𝑙𝑙
�𝑒𝑒𝜃𝜃𝐸𝐸 𝑇𝑇⁄ − 1�

𝑒𝑒𝜃𝜃𝐸𝐸 𝑇𝑇⁄ � (15) 

  

 

Liquid phase 

In the third-generation data modelling, the liquid phase of elements is described using 
a two-state model [1995Agr, 2000Tol, 2014Bec]. This assumes that the liquid notionally 
contains two types of atoms mixing ideally. The first type of atoms is known as “solid-like” 
atoms with no translational degrees of freedom, the second type of atoms is called "liquid-like" 
atoms with translational motion. The “solid-like” atoms can represent a pure amorphous solid 
phase [2001Chen]. For a given temperature, “solid-like” and “liquid-like” atoms are in 
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equilibrium. As they can possess different energy states [2014Bec], the relative amounts of the 
"liquid-like" χ and "solid-like" atoms depend on their Gibbs energy difference ∆𝐺𝐺diff (see 
equation 14). The variable χ is an internal order parameter and at equilibrium, it has the value 
that minimises the Gibbs energy. The equilibrium value of χ is defined by the formula:  

𝜒𝜒 =
𝑒𝑒−∆𝐺𝐺diff 𝑅𝑅𝑅𝑅⁄

1 + 𝑒𝑒−∆𝐺𝐺diff 𝑅𝑅𝑅𝑅⁄  . (16) 

The Gibbs energy of the "solid-like" atoms should be approximated by the Einstein 
equation complemented by additional terms: 

𝐺𝐺 =  𝐸𝐸0 +
3
2
𝑅𝑅𝜃𝜃𝐸𝐸 + 3𝑅𝑅𝑅𝑅 ln

�𝑒𝑒𝜃𝜃𝐸𝐸 𝑇𝑇⁄ − 1�
𝑒𝑒𝜃𝜃𝐸𝐸 𝑇𝑇⁄ + 𝐴𝐴 + 𝑎𝑎𝑇𝑇2 + 𝑏𝑏𝑇𝑇3 (17) 

Value of Einstein temperature 𝜃𝜃𝐸𝐸  could be taken as the same as for the crystalline phase. The 
parameters 𝑎𝑎 and, possibly, 𝑏𝑏 can be optimised.  

The Gibbs energy of "liquid-like" atoms can be described as follows: 

𝐺𝐺𝑚𝑚
𝑙𝑙𝑙𝑙𝑙𝑙 = 𝐺𝐺𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑅𝑅𝑅𝑅 ln�1 + 𝑒𝑒(−∆𝐺𝐺diff 𝑅𝑅𝑅𝑅⁄ )� (18) 

where the difference relative to "solid-like" atoms is:  

∆𝐺𝐺diff = 𝐺𝐺𝑚𝑚
𝑙𝑙𝑙𝑙𝑙𝑙 − 𝐺𝐺𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐵𝐵 + 𝐶𝐶𝐶𝐶 + 𝐷𝐷 𝑇𝑇 ln𝑇𝑇… (19) 

To derive the data for the liquid phase, the assessment of parameters A, a, b, B, C and D 
is required. Gibbs energy of the "solid-like" and the "liquid-like" atoms should be equivalent in 
special cases. 
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3.2 Results and discussion 
The theoretical reassessment of the Al-Cu binary system [P5] was motivated by new 

findings on phase equilibria in the scientific literature [P1] and by Ponweiser [2011Pon]. For 
the γ phase, a four-sublattice model based on the crystallographic structure has been newly 
applied to be consistent with databases containing phases from the γ brass family, in contrast to 
the previous evaluation performed by Liang [2015Lia]. In our work [P5], the η, ζ, γ and δ phases 
were modelled as non-stoichiometric in agreement with the experimentally observed solubility 
[2011Pon, P5]. Agreement with the experimental findings was achieved for both the phase 
diagram [2011Pon, P5] (see Figure 10a) and thermodynamic properties such as mixing 
enthalpy, enthalpy of formation and activity (see Figure 10b). 

  

Figure 10: Characteristics of the Al-Cu system: a) theoretical phase diagram based 
on superimposed experimental data [P1, 2011Pon] (black three-pointed star - DSC, 

bold square - phase boundaries according to SEM/EDX measurements); b) calculated 
activities for liquid Al and Cu at 1100 °C compared with experimental data, the 

standard states are liquid for both Al and Cu [1942Gru, 1965Wil, 1969Mit, 1972Bat, 
1973Per, 1976Lay]. 

The re-evaluation of the Cu-Si binary system using the CALPHAD method was carried 
out in the paper [P11], because the available experimental data indicate a non-negligible 
solubility of Al in all binary intermetallic phases of the Cu-Si system. Moreover, the purely 
stoichiometric models used so far are not entirely suitable for extension to the ternary system. 
In the re-evaluation of the Cu-Si system, excellent agreement with the experimental data of 
Sufryd et al. [2011Suf] and the previous theoretical work of Hallstedt et al. [2016Hal] was 
achieved.  

Figure 11a shows the Cu-Si phase diagram with the established solubilities of 
aluminium in the η family phases structures with the superimposed experimental points from 
Sufryd et al [2011Suf]. The modelled mixing enthalpy of the liquid phase at 1008 °C is shown 
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in Figure 11b with comparison to experimental data of Iguchi [1977Igu], Castanet [1979Cas] 
and Batalin [1982Bat].  

 

  

Figure 11: a) reassessed Cu-Si phase diagram compared with experimental data from 
DTA measurements from Sufryd et al.[2011Suf], b) mixing enthalpy of Cu-Si liquid 

phase at 1008 °C with superimposed experiments [1977Igu, 1979Cas, 1982Bat]  

In this theoretical work, the ternary phase diagram of Al-Cu-Si was studied based on 
previous experimental data presented in this work (see Fig. 5) [P4] and data from the scientific 
literature [2009Ria, 2009He, 2012Pon]. To obtain a good agreement with the non-consistent 
experiments, the stability of the β (bcc) phase with complete solubility between the Al-Cu and 
Cu-Si binary systems was theoretically predicted at high temperatures (see Fig. 12a for the 
isothermal section at 800 C) which was in contradiction with the previously published 
experimental data (compare Fig. 5a). Based on this assumption, an experiment was proposed to 
confirm the stable structures at high temperatures by high-temperature XRD. The stability of 
the κ (hcp) phase was confirmed at 600°C (see Figure 13a), but at higher temperature of 800°C 
the β (bcc) phase was already found to be stable (see Figure 13b). This finding help to fully 
explain the discrepancies between the experimental isothermal sections [P4, 2011Pon] and the 
vertical sections [2011Pon] which was proposed based on thermal analysis methods 
(DTA/DSC), where the modelling achieved a very good match. Good agreement was also 
obtained for the mixing enthalpy of the liquid phase from literature [2000Wit]. 
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Figure 12: Reassessed isothermal section of ternary phase diagram Al-Cu-Si a) at 800°C 
with superimposed experimental data [P4] b) Cu-rich corner of the vertical section for 

10at.% Si with comparison to DTA [2012Pon] 

 

Figure 13: Reassessed isothermal section of ternary phase diagram Al-Cu-Si a) at 
800°C with superimposed experimental data [P4] b) Cu-rich corner of the vertical 

section for 10at.% Si with comparison to DTA [2012Pon] 

The first thermodynamic evaluation of the Ni-Se binary system [P6] was also achieved. 
The Ni-Se phase diagram consists of five intermetallic binary phases and exhibits a miscibility 
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gap in the Se-rich liquid phase. The experimental phase diagram was presented by Komarek et 
al. [1972Kom] and Lee [1991Lee]. In our work [P6], the thermodynamic modelling was mainly 
based on the experimental phase diagram [1972Kom], the enthalpy of formation of the NiSe 
phase at 25 °C [1972Gro], the mixing enthalpy of the NiSe phase at 1227 °C [1972Gro] and the 
heat capacity of the NiSe2 phase [1975Gro]. The binary intermediate phases are modelled by 
a two-sublattice model and the liquid phase by an associate model with Ni1Se1 associates. The 
modelled phase diagram and the heat capacity of binary phase NiSe2 are shown in Figures 14a 
and 14b, respectively. 

 

  

Figure 14: Characteristics of the Ni-Se system: a) phase diagram in comparison with 
experimental data from Komarek et al. [1972Kom] and Lee [1991Lee] (triangles: 

liquidus on heating, circles: invariant phase transitions measured by DTA, diamonds: 
additional thermal effect, crosses: temperature suggested by Lee [1991Lee]); 

b) calculated heat capacity of the NiSe2 phase with experimental data by Grønvold 
[1975Gro]. 

The CALPHAD-based assessment of the Pb-Se-Sn ternary system [P8] is based on 
recent experimental work by Chen et al. [2020Che]. Although the experimental results are 
rather sparse and not entirely consistent [1968Str, 1968Wol, 2020Chen], the calculated phase 
diagram reasonably agrees with the experimental sections at 350 °C and 500 °C proposed by 
Chen et al. [2020Che]. The liquid surface agrees reasonably well with the experimental liquid 
projection proposed by Saveliev et al. [1975Sav]. Figure 15a shows the isothermal section of 
the ternary phase diagram of Pb-Se-Sn at 500 °C with the experimental data by Chen et al. 
[2020Che] and Figure 15b shows the calculated liquid surface. 
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Figure 15: Characteristics of the Pb-Se-Sn system: a) isothermal section of phase 
diagram at 500 °C with superimposed experimental data from Chen et al. 

[2020Che]; b) predicted liquidus surface. 

Binary system Al-Zn [P2] was reassessed using the third-generation data for pure 
elements (see Chapter 3.1 Third-generation data of pure elements). The Al-Zn phase diagram 
does not contain any binary phase, and the FCC_A1 phase shows a miscibility gap in solid 
solution (see Figure 16a). The derived phase diagram and thermodynamic properties are almost 
identical to the results of Mathon et al. [2000Mat] and agree very well with the experimental 
values. In this work, we mainly presented the concentration dependence of the thermodynamic 
properties for the solid and liquid phases and conversion of interaction parameters. The mixing 
enthalpy of the liquid phase is presented in Figure 16b.  

  

Figure 16: Characteristics of the Al-Zn system: a) theoretical phase diagram 
based on the third-generation database; b) mixing enthalpy of liquid phase with 

superimposed experimental data [1996Pop]. 
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It turned out that a simple transformation of the entropy difference between two 
crystalline phases could be expressed by the ratio of two Einstein temperatures.  

∆𝑆𝑆 = 3𝑅𝑅 ln�
𝜃𝜃𝐸𝐸𝛽𝛽

𝜃𝜃𝐸𝐸𝛼𝛼
� (16) 

Similarly, the dependence of the excess entropy of mixing on composition can be simply 
transformed into a change in the logarithm of the Einstein temperature. 

𝑆𝑆𝑒𝑒𝑒𝑒 = −3𝑅𝑅𝑥𝑥𝐴𝐴𝑥𝑥𝐵𝐵(ln𝜃𝜃0 + ln 𝜃𝜃1(𝑥𝑥𝐴𝐴 − 𝑥𝑥𝐵𝐵) + ln 𝜃𝜃2(𝑥𝑥𝐴𝐴 − 𝑥𝑥𝐵𝐵)2 … . )     (17) 

The follow-up work was devoted to the theoretical description of the Al-Si-Zn ternary 
system [P12] based on the conversion equations derived in [P2]. In this way, a reassessment of 
the Al-Si and Si-Zn binary systems was carried out. After the above mentioned conversion, a 
very good agreement was achieved of the calculated results using the third generation with the 
original data based on SGTE [1996Jac] and experimental data respectively. The 3rd generation 
Al-Si, Al-Zn, and Si-Zn datasets were used for the description of ternary system Al-Si-Zn, 
where no interaction parameters are needed. The agreement with the experimental data is very 
good. Figure 17 a) shows the predicted isopleth of the system Al-Si-Zn at x(Si)=0.047 with 
comparison to experimental data of Ibe [1996Ibe]. Figure 7b shows the mixing enthalpy of 
liquid phase at 1104°C with superimposed experimental data of Bros [1996Bro].  

  

Figure 17: Prediction of the system Al-Si-Zn: a) vertical section at x(Si)=0.047 
based on the third-generation database with superimposed experimental data of 
Ibe [1996Ibe] b) mixing enthalpy of liquid phase at 1104°C with superimposed 

experimental data [1981Bro]. 
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4 Conclusion 
As mentioned above, studying the experimental equilibria of coexisting phases is crucial 

for understanding the behaviour of materials. In the present work, I focused on two classes of 
materials: aluminium-based and selenium-based.  

The experimental procedures described here can be theoretically used for any 
combination of elements, but it is necessary to ensure the stability of the alloy, especially for 
easily oxidising elements. Using advanced methods of alloy synthesis, heat treatment and 
subsequent characterisation by a combination of static and dynamic analytical methods such as 
SEM-EDX, XRD, DTA and DSC, we can propose (i) the phase diagrams of alloys with different 
applications and (ii) the most suitable composition and heat treatment of new alloys with 
potential for practical use. The unique results obtained by combining some of the 
above-mentioned results are listed below. 

The description of the θ phase of the system Al-Cu [P1] is an illustrative example of the 
combination of thermal analysis methods with phase analysis using a scanning electron 
microscope, where I discovered that the θ phase decomposes peritectically, although metastable 
equilibrium corresponds to the congruent melting. By the combination of DSC thermal analysis 
and XRD structural analysis, I newly determined phase equilibria γ(AlCu) + γ(CuZn) at low 
and high temperatures in system Al-Cu-Zn [P3]. Another example of the suitability of the 
combination of analytical methods is the description of structural modifications of the ternary 
τ phase family, where a transitional incommensurate phase τi between the cubic τc and the 
rhombohedral τr was discovered using detailed XRD analysis in combination with SEM 
microstructural analysis. 

These experimental data, in combination with advanced theoretical approaches (such as 
the semiempirical CALPHAD approach), are appropriate for a more comprehensive 
understanding of material properties and thermodynamic behaviour. The subsequent 
CALPHAD thermodynamic modelling of phase diagrams deepens the possibilities of 
predicting alloy properties using thermodynamic quantities such as enthalpy, entropy, heat 
capacity, etc. It is very useful to complement thermodynamic modelling with the results of ab 
initio calculations at T = 0 K, in particular with the heats of formation of intermetallics and 
hypothetical unstable end-members or with the heat capacities of intermetallic compounds 
calculated even at higher temperatures using phonon spectra.  

The suitability of using a combination of experimental results and CALPHAD 
thermodynamic modelling was shown in the description of the Ni-Se system [P6], where the 
knowledge of the specific heat capacity of the NiSe2 phase and the mixing enthalpy of the NiSe 
phase enabled a very good thermodynamic description of the whole Ni-Se system. Another 
example of the complementarity of the CALPHAD method and experimental results is the 
theoretical study of the Al-Cu-Si system [P11] when, based on modelling of phase equations at 
higher temperatures, it was revealed by high-temperature XRD that the κ (hcp) phase is not 
stable at higher temperatures and that the β (bcc) phase is stable. The β (bcc) phase was found 
to be unquenchable, as low temperature XRD showed only the κ (hcp) phase even in samples 
annealed for long periods of time at 800°C.  
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The importance of ab initio calculations in conjunction with the experiments was 
illustrated by the discovery of the non-stoichiometricity of the ternary phase Al2Ge2Mg [P10], 
where lower energy was calculated for the off-stoichiometric cell Al7Ge8Mg5 even at higher 
temperatures due to the phonon contribution [2024Fri]. 
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Experimental Description of the Al-Cu Binary Phase
Diagram

ONDREJ ZOBAC, ALES KROUPA, ADELA ZEMANOVA, and KLAUS W. RICHTER

The phase diagram of the Al-Cu binary system was reinvestigated experimentally. The current
study was designed to contribute to a better description of those parts of the phase diagram
which are disputed in the current scientific literature, and in addition, to study the phase
equilibria at 300 �C. The melting behavior of the h-phase was confirmed to be peritectic. A
metastable congruent solidification of the h-phase was observed from the microstructural
examination of as-cast samples. The location of the liquidus curve in this region of the phase
diagram was more accurately defined using DSC measurements taken at slow-heating rates (1
�C min�1). The temperature stability of the f-phase was reevaluated and was found to lie in the
range 373–597 �C. The phase boundaries of the c¢ + e¢ two-phase field were experimentally
defined. Difficulties in defining the c¢/d transition were addressed by a combined EDX/XRD
investigation of more than ten samples that had been annealed in the temperature range of 500
to 750 �C. The (c¢ + d) two-phase field was postulated from XRD studies of quenched samples.
The temperature of the ordering reaction c M c¢ within the c(c¢) + b phase field was
experimentally determined to be 779.6 �C. All other parts of the Al-Cu phase diagram studied
here were found to be in very good agreement with the most recent previous descriptions.

https://doi.org/10.1007/s11661-019-05286-x
� The Author(s) 2019

I. INTRODUCTION AND LITERATURE REVIEW

A. Introduction

RELIABLE phase diagrams are essential for focused
material development. The Al-Cu system, being the key
binary system for many Al-based, Cu-based, and dural
alloys, has been investigated intensively over recent
decades owing to its importance to industry. The focus
of most studies have been the Al-rich and Cu-rich parts
of the phase diagram, respectively, which are used for
interpreting microstructures of alloys that have been
used in industrial applications. Knowledge of phase
equilibria across the whole concentration range of a
binary phase diagram is crucial for the extrapolation of
material properties and thermodynamic modeling of
higher order systems. Although the most recent

experimental phase diagram, that was published by
Ponweiser et al.[1] describes the whole concentration
range, there are still some uncertainties and inconsis-
tencies in the currently accepted version. Therefore,
further experimental studies to clarify these points
appear to be justified.

B. Literature Review

The Al-Cu phase diagram is characterized by many
intermetallic phases with complex mutual relationships
occurring in all regions of the phase diagram. The phase
diagram has been studied by several authors, and several
very comprehensive overviews have been published.[2–5]

In the following section, we briefly discuss the state of
knowledge of the binary phase diagram. For a better
illustration of key points, a comparison of the evaluated
phase diagram published by Murray[2] and that of
Ponweiser et al.[1] is shown in Figure 1. Figure 1(a)
shows the whole concentration range of the phase
diagram, whereas Figure 1(b) shows just the central
region.
The maximum solubility of Cu in Al is equal to

2.5 at. pct at the eutectic temperature of 550 �C.[2] The
h-phase (Al2Cu) was described for the first time by
Owen and Preston[6] and also by Friauf.[7] The phase
was characterized using XRD (single-crystal rotational
method), and a tetragonal symmetry was found. The
crystal structure of the h-phase was determined later by
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Havinga[8] as having an I4/mcm space group. The
melting behavior of the h-phase has been described
differently by different authors. In their experimental
work, Histasune[9] found that the solidification of the
h-phase involved the peritectic reaction (Liquid + g fi
h), and this was accepted by Murray in their review of
the system.[2] On the other hand, Kulbush[10] (cited by
Murray) presented the h-phase as a congruently melting
compound. According to Murray,[2] the h-phase is
stable up to 590 ± 1 �C. However, scatter in the
experimental data for the liquidus and the invariant
reactions close to the h-phase does not allow the
reaction type to be identified unambiguously. Goedecke
and Sommer[11] investigated the melting and solidifica-
tion behavior of the h-phase and proposed the forma-
tion of a metastable congruently melting Al2Cum phase
from undercooled liquid. Consequently, a metastable eu-
tectic reaction L M g+h is observed on cooling and the
stable peritectic reaction (L + g M h) is only observed
on the heating of annealed samples. The composition of
this metastable h-phase is enriched in Cu relative to the
stable h-phase. The homogeneity range of the (stable)
h-phase lies between 32 and 33.6 at. pct Cu at 500 �C[1]

and 32.1 to 32.6 at. pct Cu at the (Al)-h eutectic
temperature of 549 �C.[11]

The low-temperature g¢-phase (Al48Cu52) has a mon-
oclinic structure (space group C2/m).[12] Ponweiser
et al.[1] studied the homogeneity range of this phase by
SEM-EDX and XRD, and found that the g¢-phase
extends from 51.9 at. pct Cu to 54.8 at. pct Cu at
500 �C. DSC analysis showed that the low-temperature
g¢-phase is stable below 580 �C. Ponweiser et al.[1]

supposed that the g¢-phase is formed by a peritectoid
reaction. This observation is in contrast with the
previous experimental review; Murray[2] suggested a
second-order transition between g and g¢. The structure
of the high-temperature g-phase was not known for a
long time. Recently, Ponweiser et al.[1] determined the
structure from high-temperature powder XRD data.
The g-phase is orthorhombic (space group Cmmm),
stable over the temperature range 574 �C to 625 �C and
is also formed by peritectic reaction. The maximum
homogeneity range is approximately 1 at. pct at 597 �C.
Two compositionally and crystallographically closely

related phases, f and f¢, are stable in the composition
range 55 to 60 at. pct Cu. The structures of the f-family
of phases, with the supposed low-temperature modifi-
cation f¢ (Al3Cu4) and high-temperature modification f
(Al3Cu4-d), are described in detail by Gulay and Har-
brecht.[13,14] The f¢-phase is orthorhombic (Fmm2) and
is stable below 579 �C, according to Gulay and Har-
brecht.[14] Ponweiser et al. suggested that the homo-
geneity range extends from 56 at. pct Cu and 57.5 at. pct
Cu at 500 �C.[1] The f¢-phase is formed by a peritectoid
reaction at 560.5 �C. The f-phase crystallizes with the
space group Imm2. Between 400 and 500 �C it decom-
poses to the f¢-phase and g-phase and it is still stable at
550 �C.[13] Ponweiser et al. confirmed experimentally
that the f-phase is stable below 597 �C and estimated
that it decomposes eutectoidally at 507 �C.[1]
According to Murray¢s review,[2] the e-family of

phases exists over the same composition range as the
f-phases at medium and high temperatures. The struc-
ture of the medium-temperature modification e¢ was
measured by high-temperature XRD by El-Boragy
et al.[12] They found that the e¢-phase has a filled
NiAs-type structure with partial occupation of the 2d
sites by Cu atoms. The crystal structure of the high-tem-
perature e-phase is still unknown. It is assumed to be
cubic.[2]

The situation in the composition range from 60 to
70 at. pct Cu is not clear and there are many contra-
dictory data in the literature. Bradley[15] proposed the
existence of three different phases with cubic, monoclinic
and rhombohedral crystal structures, respectively. West-
man[16] found that the d-phase is trigonal rhombohedral
and crystalizes with the space group R3m and they
supposed the existence of a third phase of unknown
structure between the cubic and the rhombohedral
compounds. Seshadri and Downie[17] found five inter-
metallic phases in the Al-Cu phase diagram that are
stable below 500 �C: h, g¢, f, the d-phase and the c¢-
phase. Murray[2] accepted the experimental work of
Funamizu[18] in their review, which did not indicate any
phase being present between the c¢-phase and d-phase.
Van Sande[19] studied the Al-Cu phase diagram using

γε

(a)

(b)

Fig. 1—Al-Cu phase diagrams adapted from Ref. [2] (dotted lines)
and Ref. [1] (solid lines) (a) whole concentration range and (b) the
central part of the phase diagram. Note that the labeling of the
phases is consistent with Table I.

METALLURGICAL AND MATERIALS TRANSACTIONS A



very slow-cooling experiments and confirmed the pres-
ence of a two-phase equilibrium between the c¢ and
d-phases. Ponweiser et al.[1] did not find any other
equilibrium phase in this region but marked the whole
composition area with a question mark because they
were unable to clearly separate the two c¢ and d single
phase regions using their combined EDX and Rietveld
refinement results. The samples all appeared to be single
phase in the EDX studies, but the transition from cubic
to trigonal rhombohedral was unclear from the XRD
results.

Murray[2] concluded that there are two c-phases; c
(low temperature) and c¢ (high temperature). The
transition temperature was investigated by thermal
analysis (temperature range 780 �C to 873 �C) but could
not be confirmed metallographically. Liu et al.[3] studied
the Cu-rich part of the phase diagram using several
analytical methods (SEM-EDX, HT-XRD, DSC). They
found that the c-phase crystallizes with a CuZn c-brass
type structure. They did not find a two-phase region
between the c¢- and c-phases, so they proposed a
second-order transition between the two. A

second-order type of phase transition was also con-
firmed experimentally by Ponweiser et al.[1]

Dawson[20] identified the b-phase with an Im3m
crystallographic structure, and proposed the existence
of a high-temperature b0-phase. Murray[2] assumed in
their phase diagram evaluation that it is formed by a
peritectic reaction from b and liquid at 1037 �C. The
existence of the b0-phase in the equilibrium phase
diagram has not been confirmed subsequently. Liu
et al.[3] showed a two-phase region between b
(BCC_A2) and c without any other phase occurring
in that part of the diagram. Only one peak was found
in their DSC measurements, which was interpreted as
the solidus of the b-phase rather than the eutectoid
reaction. According to,[2] the b-phase decomposes by a
eutectoid reaction to (Cu) solid solution and the
c¢-phase at a temperature of approximately 560 �C to
575 �C, and melts congruently at 1049 �C. The
temperature of the eutectoid reaction was determined
later by Ponweiser et al.[1] to be 567 �C using DTA
investigations of several samples with differing
compositions.

Table I. Stable Intermetallic Phases in Al-Cu Binary Phase Diagram

Phase Name
[This Work] Common Names

Pearson
Symbol

Structure
Type T Range (�C)

Composition and Temperature Range
[At. Pct Cu]

Min Max Ref.

(Al) FCC_A1, Al cI2 Al £ 660.5 0 2.48 2
h h, Al2Cu tI12 Al2Cu £ 591 32.1 32.6 11

32 33.6 1
£ 590.5 33.6 this work

g g1, Eta HT oP16/ oC16 n.a. 574–625 51.5 52.9 1
573.9-624.5

g¢ g2, Eta LT mC20 Al-Cu £ 581 51.9 54.8 1
£ 574.5 51.4 this work

f f2, Al3Cu4-d Imm2 Al3Cu4- d 507–597 54.5 56.5 1
ca. 425 to min. 550 55 58 13
min. 400 to 570 49.5 57 2
373–597 this work

f¢ f1, Al3Cu4 Fmm2 Al3Cu4 298–561 56.3 57.4 1
min. 400 to 579 56.6 57.7 14
530 to 590 49.5 51.3 2
min. 300 to 560.5 this work

e e1, epsilon HT cubic? n.a. 960 to 847 59.5 64.5 1
959 to 846 this work

e¢ e2, epsilon LT hP4 NiAs 847 to 578 54.5 62.5 1
846 to 568.5 this work

d d, Al5Cu8 hR52 Al4Cu9 (r) £ 687 60? 64? 1
£ 680 this work

c c0, c_CuZn, c_brass cI52 Cu5Zn8 993 to 800 65 69 1
991 to 779.6 this work

c¢ c1, c_AlCu, c_D83 cP52 Al4Cu9 £ 874 65 70 1
£ 873.5 61.0 69.6 this work

b b, BCC_A2 cI2 W 1052 to 567 68 82 1
1052 to 566.7 this work

a¢ a2, alpha_LT n. a. super structure
based on TiAl3

£ 360 76 79 21
£ 360 this work

(Cu) FCC_A1, Cu cF4 Cu < 1083 81 100 1

n.a. not available.
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The a¢ phase, with a composition of 77.5 at. pct Cu, is
stable below 363 �C. The a¢ phase has an ordered fcc
long-period super lattice structure.[21] The maximum
solubility of Al in Cu is 18.5 at. pct at the eutectoid
temperature of 566.7 �C.[1]

The available information for all solid phases of the
system is summarized in Table I. The abbreviated phase
names in the form of Greek letters used in the text and
phase diagrams are provided in the first column. Other
common phase names used in the literature[1,2,5] are
shown in column 2. The Pearson symbol and structure
type (columns 3 and 4) are generally accepted from the
Materials Science International Team (MSIT) report.[22]

The maximum temperature and composition range of
the stable phases according to different authors are
presented in columns 4 to 6.

II. EXPERIMENTAL

The overall sample compositions were selected to
address the unsolved questions in the experimental
phase diagrams as mentioned above. The prepared
samples were analyzed and characterized by different
static or dynamic analytical methods (SEM-EDX, DSC,
DTA; XRD).

A. Sample Preparation

Samples were prepared from pure elements of 5N
purity. Any oxide present in the copper was reduced
under flowing H2 at 300 �C for 3 hours. Samples were
prepared by arc melting on a water-cooled copper plate
under a low-pressure Ar atmosphere using pure Zr as a
getter. The alloys were remelted several times to improve
the homogenization of the material. Long-term anneal-
ing of the samples was performed at selected tempera-
tures on material sealed in evacuated quartz glass
ampoules. A conventional tube furnace was used for
the heat treatment. Samples were quenched into cold
water from their annealing temperatures. Annealing
times and temperatures were selected with the aim of
obtaining states close to thermodynamic equilibrium.
Annealing temperature, time, overall composition, coex-
isting phases and phase compositions of each sample are
listed in Table II.

B. Experimental Phase Diagram Investigation

Acombinationof dynamic and staticmethodswas used
for investigation of the phase diagram. Phase equilibria
investigations and chemical analysis of phase and overall
compositions were performed using scanning electron
microscopy combined with energy-dispersive X-ray spec-
troscopy (SEM-EDX), employing either a Zeiss Supra 55
VP instrument equipped with an energy-dispersive detec-
tor for quantitative analysis or a similarly equipped SEM
JEOL JSM-6460. Overall and phase compositions are
listed in Table II in columns 4, 6, 7.

Identification of phases present in the long-term
annealed samples was achieved using X-ray powder
diffraction. A Bruker D8 Diffractometer equipped with

a high-speed position sensitive (PSD) detector (Lynxeye)
was used in the h/2h reflection setting. Coexisting phases
in the samples are listed in Table II, column 5.
Phase transition temperatures were measured using a

high-temperature heat flow DSC (NETZSCH Pegasus
404 C). Alumina DSC crucibles with lids were used
under a permanent Ar flow of 50 mL min�1 and with
heating and cooling rates of 10 �C min�1. Slower
heating and cooling rates (5 or 1 �C min�1) were used in
some special cases (see below). The calorimeter was
calibrated using a set of pure metal standards having
well-defined melting temperatures (Sn, Al, Zn, Cu, Ag,
Au). Calibration was carried out under the same
conditions as the experimental measurements. Three
runs were performed for each sample; the thermal effects
during the first heating run were not taken into account.
It is assumed that optimal thermal contact between the
sample and the bottom of the crucible is established only
after the first heating. The temperature of the thermal
effect used is thus the average value of the thermal
effects of the 2nd and 3rd heating curves only. Small
differences between the first and subsequent heating and
cooling curves are caused by changes in the shape of the
sample following initial melting. Melting the sample can
result in an increase in the contact area between the
sample and the crucible as the solidifying material takes
the shape of the crucible wall. Thermal analysis results
are listed in Table III.

III. RESULTS AND DISCUSSION

More than 50 samples have been studied across the
whole concentration and temperature range of Al-Cu
phase diagram. Combining the results from DSC,
SEM-EDX and XRD allows a complete description of
the phase diagram to be proposed; shown in Figure 2.
The results are mostly in very good qualitative agree-
ment with the phase diagram of Ponweiser et al.[1] But
the focus of the current study was on those parts of the
phase diagram which have not been described satisfac-
torily previously.[1] Furthermore, phase equilibria at
300 �C have been investigated.

A. Solidification of the h-Phase

A calculated phase diagram of the Al-Cu system was
published by Liang and Schmid-Fetzer[5] where a
semi-empirical CALPHAD-type assessment of the sys-
tem was presented. The peritectic reaction L + g fi h
was modeled but it was found that the calculated
liquidus line in the composition range 33 at. pct<x(Cu)
< 45 at. pct did not agree well with the experimental
results published by Ponweiser et al.[1] A new CAL-
PHAD-type assessment[23] attempts to provide better
agreement between calculation and experiment for the
liquidus in the 33 at. pct< x(Cu)< 45 at. pct concen-
tration range, but this required a change in the nature of
the solidification behavior of the h-phase from peritectic
to congruent.
Congruent melting has been proposed previ-

ously,[10,11] but Goedecke[11] suggested that this reaction
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was in fact metastable. Because of these disagreements,
the concentration range between 31 and 40 at. pct Cu
has been reinvestigated in the present work. The
solidification behavior of the h-phase was studied using
samples that had been melted, homogenized and then
quickly cooled in the arc furnace. Two sets of samples
were prepared with compositions close to 33.3 at. pct
Cu; a set with slightly higher and a set with slightly
lower copper contents. The morphology of the as-cast
samples was studied using SEM. A eutectic microstruc-
ture was observed in both sets of samples, but the
morphology of the microstructures was different for
each set of samples (see Figure 3(a) for the Al-rich side
and Figure 3(b) for the Cu-rich sample) as would be
expected for a congruent reaction.

In the second step, the melting behavior of the
h-phase was studied under conditions close to equilib-
rium and hence to the phase diagram for the

thermodynamically stable system. Several samples with
nominal composition between 32% Cu and 40% Cu
were long-term annealed at 540 �C or 582 �C. The
temperatures of the phase transitions were measured by
DSC using sample cooling and heating rates of 1, 5 and
10 �C min�1, respectively. The data are presented in
Figure 4, which also shows an enlarged portion of the
phase diagram in the vicinity of the h-phase. For all
heating rates, both single phase samples containing the
h-phase, as well as samples exhibiting a two-phase
morphology (h + g¢), indicate an invariant reaction at
589 �C, which is the temperature of the peritectic
reaction L + g M h. There is no evidence of congruent
melting in the long-term annealed samples.
Therefore, congruent melting of the h-phase was

confirmed to be a metastable reaction and the observed
microstructures were found to be in very good agree-
ment with the metastable version of the phase diagram

Table II. Chemical Composition of the Long-Term Annealed Samples

T[
�C]_No.

Annealing
[h]

Nominal composition
[x(Cu%)]

Overall composition
[x(Cu%]

Coexisting
phases

Phase 1
[x(Cu%]

Phase 2
[x(Cu%]

300_1 1464 55 54.7 (3) g¢ + f¢ 50.4 (3) 55.7 (5)
300_2 1464 55.5 55.2 (5) g¢ + f¢ 50.6 (6) 56.2 (5)
500_1 625 55.5 55.6 (5) g¢ + f 55.6 (5) not known
500_2 625 58.5 59.3 (5) d 59.3 (5) —
500_3 625 63 63.1 (4) d/c¢ 63.1 (4) —
500_4 625 64 65.2 (4) d/c¢ 65.2 (4) —
540_3 720 34 34.7 (2) h + g¢ 34.3 (1) 51.3 (2)
540_4 720 34.5 34.9 (3) h + g¢ 34.4 (1) 51.3 (2)
550_1 625 42 41.9 (9) h + g¢ 33.6 (4) 51.4 (4)
550_2 625 54.6 56.4 (4) f 56.4 (4) —
550_3 625 57 56.9 (4) f¢ 56.9 (4) —
550_4 625 63.6 64.7 (4) d/ c¢ 64.7 (4) —
550_5 625 75 83.8 (4) Cu 83.8 (4) —
615_1 505 58.8 59.6 (5) e¢ + d 58.2 (4) 60.4 (3)
615_2 505 63.3 64.1 (5) d/c¢ 64.1 (5) —
615_3 505 72.9 71.7 (3) c¢ + b 69.6 (3) 75.2 (8)
615_4 505 79.3 80.0 (5) b + Cu 76.1 (7) 81.9 (6)
615_5 290 63.3 60.1 (1) e¢ + d 57.3 (1) 60.2 (1)
615_6 290 62.5 63.9 (2) d/c¢ 63.9 (2) —
615_7 290 63 61.8 (2) d? 61.8 (2) —
688_2 410 79.7 79.2 (2) b + Cu 77.6 (6) 81.0 (4)
688_3 410 72.2 71.8 (7) c¢ + b 69.0 (5) 73.9 (5)
688_4 410 61.5 63.9 (5) d/ c¢ 63.9 (5) —
688_5 410 59.6 58.5 (8) e¢ 58.5 (8) —
688_6 410 65 65.0 (4) d/c¢ 65.0 (4) —
688_7 410 62.7 60.3 (4) e¢ + c¢ 59.9 (5) 61.0 (4)
688_8 410 61.5 62.7 (2) d/ c¢ 62.7 (2) —
688_9 410 62.7 62.9 (5) d/ c¢ 62.9 (5) —
710_1 200 59.7 59.9 (1) e¢ + c¢ 59.5 (1) 61.5 (1)
710_2 200 60.7 60.1 (2) e¢ + c¢ 58.9 (2) 61.4 (1)
710_3 200 62 60.7 (5) e¢ + c¢ 59.4 (2) 61.7 (2)
750_1 300 66.6 64.2 (5) d/c¢ 64.2 (5) —
750_2 300 60.6 60.3 (5) e¢ + c¢ 59.7 (1) 61.6 (1)
750_3 300 80.4 80.3 (1) b + Cu 78.5 (5) 81.7 (5)
750_4 300 60.5 61.2 (4) e¢ + c¢ 59.9 (2) 61.9 (2)
750_5 300 62.8 63.2 (6) d/c¢ 63.2 (6) —
750_6 300 72 74.3 (2) b 74.3 (2) —
750_7 300 71.6 74.3 (3) b 74.3 (3) —
750_8 300 60.6 67.1 (1) c¢ 67.1 (1) —
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published by Goedecke.[11] The discrepancy between the
calculated[5] and experimental[1] liquidus line in this
region is probably due to the fact that the

metastable reactions were observed during DSC studies
of Ponweiser et al.[1]

It is worth discussing the observed thermal effects
associated with the liquidus that were seen at different
heating rates in more detail. While the temperatures of
the invariant reactions are independent of the heating

Table III. Summary of the temperature of phase transitions measured by DSC

T [�C]_No. Nominal Comp. (at. pct Cu)

Thermal Effects (heating) (�C)

Liquidus Invariant Others

DSC
theta_1a 35.3 602.9 538.8 597.2
300_1 54.7 893.3 852.3 575.6 626.7 373.5
300_2 55.2 902.7 586.6 574.7 851.7 625 373
300_3 55.9 908.1 623.8 577.6 850.1 692.2 370
300_4 77.1 566.8 511.1 347
300_5 76.4 566.6 511.1 350
300_6 77.4 566.8 510.9 350
300_7 77.3 565.8 509.8 352
400_1 77 565.2 510.1 350
400_2 77.3 567.2 511.7 353
400_3 74 567.2 510.3 345
400_4 78 564.4 511.8 363
500_1 55.6 894 614 585 574 846 372
500_2 59.3 946 723.8 560.5 847.2 652.5 568.5 534
500_3 63.1 998.1 959.3 871.1 843.2 939.1 563.2
540_1 77.1 566.1 510.2 349
540_2 77.7 567.3 512 354
550_1 41.9 699.9 627.9 590.4 573.9
550_5 83.8 1042.5 1033.2
615_3 72.3 1048.8 568.1 510.8
615_3b 72.3 820 777.8
688_3b 71.8 867 779
688_6 65.1 1014.2 960.3 965.7 873.1
750_8 67.1 1039.1 864.7

DTA
550_4 64.8 1018 956 1003 876
615_2 64.1 1006 963 874
710_1 59.9 967 682 960 845
710_2 60.1 998 745 682 935 868 830
710_3 61.3 937 867.4 829.9 747.7
750_2 60.1 973 681 963 875 848 797

aAs-cast sample.
bHeating and cooling rate 1 �C min�1.

b a

Fig. 2—Experimental Al-Cu phase diagram based on this work
(filled symbols) and on data published in Ref. [1] (empty symbols).

θ θ

(Al)

η’

Fig. 3—Eutectic microstructures observed by using SEM with a BSE
detector in the as cast samples with overall composition x(Cu)=32.4
at. pct (a) and x(Cu)=33.9 at. pct (b).
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rate, the (monovariant) thermal effects associated with
the liquidus strongly depend on the heating rate
(Figure 4). This is due to the fact that the liquidus
thermal effect is superimposed on the peak maximum
associated with the invariant when the two temperatures
are very close to one another. In such a case, the thermal
effect of the liquidus can no longer be separated and
evaluated from the DSC curves. At higher heating rates,
the peak maximum from the invariant is shifted to
higher temperatures. Consequently, the lowest heating
rate (1 �C min�1) yields the best representation of the
true liquidus temperature and the liquidus line was
drawn accordingly in Figure 4.

The samples that were annealed at 540 �C, 550 �C, 582
�C were studied to determine the location of the Cu-rich
phase boundary of the h-phase. The position of this
phase boundary is temperature independent and lies at
33.5 at. pct Cu. The solubility limit of Cu in the g¢-phase
is 51.5 at. pct at 550 �C and 51.8 at. pct at 582 �C. The
X-ray powder diffraction pattern of the Al-41.9 at. pct
Cu sample that was annealed at 550 �C is shown in

Figure 5. Lattice parameters that were obtained by
Rietveld refinement were a = 12.1066(3) Å, b =
4.1024(1) Å, c = 6.9213(2) Å and b = 54.994(2)� for
the g¢-phase, and a = 6.0603(1) Å, c = 4.8763(1) Å for
the h-phase, respectively.

B. The e¢ + c¢ Two-Phase Field

The phase boundaries in the high-temperature (e¢ +
c¢) two-phase field have not been described satisfactorily
in the literature. Several samples with nominal compo-
sitions close to Al-60Cu were long-term annealed at
temperatures of 688 �C, 710 �C and 750 �C to determine
these compositions. A selected micrograph, taken with
an SEM in BSE mode, of the sample with the overall
composition Al-60.1Cu that had been annealed at 710
�C, is shown in Figure 6. According to the present
results, the (e¢ + c¢)/c¢ boundary is located between 61%
Cu at 682.1 �C and 63.3% Cu at 846 �C (see Table IV,
reactions number 7 and 9).
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Fig. 6—Micrograph in BSE mode of the sample with the overall
composition Al-60.1Cu annealed at 710 �C (e¢ + c¢).
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C. The c¢ to d Phase Transition

Most of the previous studies of this part of the Al-Cu
system agree on the existence of two separate phase
fields for the d and c¢-phases. The c¢-phase is cubic and

crystallizes with the Al4Cu9-type structure, while the
d-phase can be described by a rhombohedrally distorted
superstructure of the Al4Cu9 type. However, the loca-
tion of the phase boundaries separating the two different

Table IV. Invariant Reactions in the Al-Cu System

No. Reaction T [�C] Cu Content in Phases [At. Pct (Cu)] Ref.

1. congruent L b
L M b 1052 76 76 11

2. eutectic L (Cu) b
L M (Cu) + b 1035 83 84.5 82 11

3. peritectic L b c
L + b M c 993 63 69 65 11

991 63 69 65 this work
4. peritectic L c e

L + c M e 960 60 65.5 64.5 11
959 60 65.5 64.5 this work

5. ordering c e
(c, c¢) M (c, c¢) + e 874 65 62.5

873.5 65 62.3 this work
6. catatectic e e¢ L

e M e¢ + L 847 59.5 59.5 52.5 11
846 59.5 59.5 52.2 this work

7. peritectoid e c¢ e¢
e + c¢ M e¢ 847 62.5 64.2 62.5 11

84.6 59.5 63.3 61.4 this work
8. ordering c b

(c, c¢) M (c, c¢) + b 800 69 73 11
779.6 69 73 this work

9. peritectoid c¢ e¢ d
c¢ + e¢ M d 684 63 58.5 61.5 11

682.1 61.1 58.5 61 this work
10. peritectic L e ¢ g

L + e ¢ M g 625 38.5 52.0 54.5 11
624.5 38.5 52 55 this work

11. peritectic g e¢ f
g + e¢ M f 597 53 56.5 55 11

597 52 55.5 56.5 this work
12. peritectic L g h

L + g M h 591 32.5 51.1 33.5 11
589 32.5 51.5 33.5 this work

13. peritectoid g f g¢
g + f M g¢ 581 52 54.5 53.5 11

580 52 55.5 53.5 this work
14. eutectoid e¢ f d

e¢ M f + d 578 57.4 56 60 11
575 57.3 56 60 this work

15. eutectoid h g g¢
g M h + g¢ 574 33 49.8 49.8 11

573.9 33.3 51.7 52.3 this work
16. eutectoid b c¢ (Cu)

b M c¢ + (Cu) 567 76 70 81.5 11
566.7 75.4 69 81.5 this work

17. peritectoid f d f¢
f + d M f¢ 563 56.5 60 57 11

560.5 56.5 60 57 this work
18. eutectic L (Al) h

L M (Al) + h 550 17 2.5 32 11
19. eutectoid f f¢ g¢

f M f¢ + g¢ 373 55.6 56.5 52 this work
20. peritectoid c¢ (Cu) a¢

c¢ + (Cu) M a¢ 350 70.5 82 76.6 this work

Present results are compared to those of Ponweiser et al.[11]
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phase fields have not been fixed reliably in any previous
study. Ponweiser et al.[1] investigated this region by
analyzing (by SEM/EDX) a fine raster of samples that
had been annealed at 450 �C and found that all were
single phase. Powder XRD analyses revealed that
compositions between 60 and 63 at. pct Cu contained
the single d-phase. At 64 at. pct Cu, the diffraction
pattern could not be evaluated completely, but in
samples with higher Cu-contents the cubic c¢-phase
was found.

In the current study, several samples with different
compositions were annealed at different temperatures to
locate the boundaries of the (d + c¢) two-phase field.
However, it was not possible to determine the phase
boundaries of d and c¢-phase fields by SEM-EDX
measurement of the phase composition. The composi-
tions of all grains in all samples were in agreement with
the overall sample composition within the experimental
error of the measurement. Thus, all samples were single
phase based on EDX characterization, which is in
complete agreement with.[1] On the other hand, careful
analysis of the X-ray powder patterns showed that only
two of the samples could be refined completely with one
single structural model: the single d-phase was identified
in the sample Al-61.8Cu (615_7) and the single c¢-phase
in the sample Al-67.1Cu (750_8). These two samples are
marked with a circled star in Figure 7. All other samples
in the composition range x(Cu)=(62-67) have XRD
patterns that were evaluated as a combination of both c¢
and d-phases even for a temperature higher than the
presumed upper temperature limit of the d-phase
(682 �C). Samples give a diffraction pattern correspond-
ing to either the d or the c¢-phase but with small
additional peaks which could not always be fitted well
with the applied structural models.

The discrepancy between the SEM and XRD results
may be explained by the fact that most of the samples
investigated undergo the c¢ fi d phase transition during
quenching. They were single phase c¢ at the temperature
of annealing but were forced to undergo a fast rhom-
bohedral distortion during the quenching process. Such
a transition is usually incomplete as the structure may
distort locally, but diffusion is not fast enough to allow
macroscopic phase separation. Thus, it is proposed that
all samples located at compositions between the two
dashed lines in Figure 7 were frozen in a state of
structural transition between c¢ and d during the
quenching process. The same is true for the sample at
64 at. pct Cu that had been annealed at 450 �C as
reported in Reference 1. Using this hypothesis, it was
possible to propose the location of the equilibrium
two-phase field (c¢ + d) as shown in Figures 2 and 7. It
is strongly temperature dependent and shows a signif-
icant widening of the d single phase field at lower
temperatures.

D. High-Temperature Phase Transition Between c¢ and c

The c-phase is formed by the peritectic reaction L +
b M c at 991 �C (Table IV, reaction 3). Ponweiser
et al.[1] defined the c¢/c phase transition as second order
because they did not observe any indication of an
invariant reaction involving the c and c¢-phases. This
conclusion was based on DTA measurements and on
earlier results that were published by Liu et al.[3] The
temperature stability of the c¢-phase has been described
very well in the literature.[1,3] The temperature of the
c M c¢ second-order transition lies between 874 �C and
779 �C. The higher temperature, which corresponds to
the transition c(c¢) M c(c¢) + e, was established by,[1]

and this temperature was confirmed by the present DSC
measurements (Table III samples 500_3, 550_4, 688_6).
The lower temperature, corresponding to the transi-

tion c(c¢) M c(c¢) + b (Table IV, reaction 8) results
from DSC studies using heating and cooling rates of
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1 �C min�1 in this work. Figure 8 shows the corre-
sponding DSC curves. The temperature of the ordering
reaction c M c¢ at the phase boundary of the two-phase
field is 779.6 �C.

E. Revised Complete Phase Diagram

By combining all of the experimental results listed in
Tables II through IV it is possible to obtain a complete
binary phase diagram of the Al-Cu system, which is
presented in Figure 2, with details shown in Figures 4
and 7. It agrees well with the phase diagram published
by Ponweiser et al.[1] Liu et al.[3] and Riani et al.[24] but
contains some additional clarification and improvement
of areas which were not investigated in detail in the
previous studies. The invariant reactions, together with
the reaction temperatures and the compositions of the
reacting phases are listed in Table IV. The proposed
stable phase diagram should be used as a basis for
further study, such as the effect of high pressures[25] or
strong magnetic fields[26] on the Al-Cu binary phase
diagram.

IV. CONCLUSION

Although literature relating to the Al-Cu phase dia-
gram is numerous, some of the complex phase equilibria
are not well defined. The current study was designed to
contribute to a better understanding of those parts of the
phase diagram that needed improvement and refinement,
and also on the study of selected phase equilibria at
300 �C. This was achieved by a combination of standard
methods: overall and phase compositions of samples were
measured using SEM-EDX, the temperature of phase
transitions by DSC or DTA and the crystal structures
were identified by XRD.

The following main results were obtained in the study:

� The melting behavior of the h-phase, which was
uncertain owing to problems with modeling the
liquidus curve in its vicinity by the CALPHAD
approach, was confirmed to be peritectic in nature.
A metastable congruent solidification of the h-phase
as proposed in Reference 11 was confirmed by
microstructural analysis of the as-cast samples. The
description of the liquidus curve in this region of the
phase diagram was improved using slow-heating
rates (1 �C min�1) in the DSC studies.

� The temperature stability of the f-phase was reeval-
uated and was found to lie in the range 373 �C to 597
�C. The phase boundaries of the two-phase field c¢
+ e¢ were experimentally defined.

� The difficulties in defining the c¢/d transition was
addressed by a combined EDX/XRD investigation
of more than ten samples that were annealed in the
temperature range 500 �C to 750 �C. Although
(similar to previous studies) it was not possible to
determine the two-phase field between the c¢ and d
phases directly, the shape of the (c¢ + d) two-phase
field could be postulated from the XRD studies of
quenched samples.

� The temperature of the ordering reaction c M c¢, (b)
was experimentally determined to be 779.6 �C.

All other parts of the Al-Cu phase diagram studied
here were found to be in excellent agreement with the
most recent previous descriptions.[1,5]
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A B S T R A C T

Over the last four years there has been a renewed interest in the development of new critically assessed data 
using physically based models. Nearly all work so far has been concerned with the critical assessment of data for 
the elements. This has involved the selection of Einstein or Debye temperatures for the stable crystalline phases 
and the liquid phase and associated parameters. However, until now, these data have not been extended in a 
comprehensive way to model the thermodynamic properties of binary, ternary and multicomponent systems. In 
this paper the way in which the parameters underlying these physical models vary with composition is explored. 
This includes a method to define the Einstein temperature for metastable phases of the elements and its relation 
to the so-called lattice stabilities used in the past, and the variation of the Einstein temperature with composition 
to account for the composition dependence of the excess entropy. This approach is demonstrated for the Al-Zn 
system which shows extensive regions of solid solution and complete miscibility in the liquid phase. Here Ein
stein temperatures are derived for Al in the HCP_ZN phase and Zn in the FCC_A1 phase together with parameters 
describing the variation of the Einstein temperature with composition for the HCP_ZN, FCC_A1 and liquid phases.   

1. Introduction

There have been many developments recently in trying to explore the
possibility of representing the thermodynamic properties of elements 
and binary alloy systems using physically based models. These have 
been developed based on the conclusions of a series of workshops held at 
Schloß Ringberg [1–3]. In the first Ringberg meeting the use of Debye 
and Einstein as a basis to represent the variation of the thermodynamic 
properties of crystalline phases with temperature was discussed, sup
plemented by additional contributions to take into account magnetic 
behaviour, anharmonicity, electronic effects and the conversion of heat 
capacity from constant volume to constant pressure. It was noted that 
the Einstein model is simpler to work with while the Debye model is 
capable of giving a more accurate description at very low temperatures. 
The approach has been used with some success for a number of elements 
[4–10]. A simplified approach had been applied by Refs. [11,12] using 
the Einstein model for the description of the thermodynamic behaviour 

of pure elements below 298.15 K linked to the existing SGTE pure ele
ments data. 

There have been a limited number of attempts to use third generation 
data or similar to model the thermodynamic properties and phase dia
grams of binary systems [13–17]. While the pure components and any 
intermetallic compounds were modelled using an Einstein or Debye 
model as a basis for the representation, none of the assessments 
attempted to express the variation of the Einstein or Debye temperature 
of the solution phases as a function of composition or to represent data 
for metastable phases of the pure components (lattice stabilities). This is 
one of the objects of this current paper. 

1.1. Thermodynamic model for crystalline phases 

According to the Einstein model the contribution to the heat capacity 
at constant volume from harmonic lattice vibrations is given by: 
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Cv¼ 3R
�θE

T

�2 eθE=T

ðeθE=T � 1Þ2
(1)  

where R (J.mol� 1K� 1) is the gas constant, T (K) the temperature and θE 
(K) the Einstein temperature. It was recognised during the Ringberg
meetings that the Einstein model did not give a good representation of
the properties at very low temperatures; the more complicated Debye
model would be significantly better in this region. However, in practice,
the aspiration in the critical assessment of data is to obtain an exact
representation of the thermodynamic properties eg. heat capacity at
constant pressure and entropy, at 298.15 K and above, using a reliable
model to provide an extrapolation of the Gibbs energy at temperatures
down to 0 K. For temperatures above 298.15 K for nearly all elements
the differences between the two models (Einstein or Debye) would be
small. Additionally the Debye model would not provide a closed
expression for the other thermodynamic properties such as the Gibbs
energy, enthalpy or entropy, meaning that it would be considerably
harder to use in practice.

Additional contributions, or correction terms, to the thermodynamic 
properties are necessary to account for magnetic contributions, anhar
monicity, electronic effects and the conversion from Cv to Cp. With the 
exception of the magnetic contributions these can be represented satis
factorily by a power series in temperature. 

In the absence of magnetic terms but with correction terms included, 
the expression for the heat capacity at constant pressure from the Ein
stein model becomes 

Cp¼ 3R
�θE

T

�2 eθE=T

ðeθE=T � 1Þ2
þ aT þ bT2þ cT3 þ dT4 (2) 

The Gibbs energy and the entropy can also be expressed as follows: 

G¼ E0þ
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During the critical assessment of data the aim is to define the pa
rameters a, b, c, d and θE to reproduce the known value for S298 and the 
heat capacity from 298.15 K to higher temperatures. It should be noted 
that the choice of terms in the correction function ensures that the en
tropy of each phase approaches zero at 0 K. It should also be emphasised 
that because the values for the heat capacity predicted by the Einstein 
model at very low temperatures are always too low relative to the 
experimental data, and the data need to be constrained to give exact 
values for the entropy at 298.15 K, the predicted value for the heat ca
pacity at higher temperatures (eg. between 200 K and 300 K) will 
generally be higher than any experimental data. 

At higher temperatures, eg. above the range where experimental 
data are available it is important to constrain any extrapolation to higher 
temperatures to prevent the entropy of the crystalline phase becoming 
higher than that of the liquid phase. The approach used currently was 
suggested by Chen and Sundman [5]. Here an extra temperature range is 
included for temperatures above the melting point with the general 
formula: 

Cp¼ 3R
�θE

T

�2 eθE=T

ðeθE=T � 1Þ2
þ a’þ b’T � 6 þ c’T � 12 (5) 

The parameters a’, b’ and c’ are selected such that the heat capacity 
and its derivative are continuous at the melting point and merges with 
that of the liquid phase at some high temperature eg. 6000 K. However 
other approaches are under discussion [18]. 

1.2. Thermodynamic model for the liquid phase 

The two-state model was adopted by the Ringberg workshops [1] as 

providing the basis for future representation of the thermodynamic data 
for the liquid phase. According to this model the liquid can be thought of 
as consisting of two types of atoms existing in thermodynamic equilib
rium, (a) solid like atoms, which would predominate at lower tempera
tures, and which would have similar thermodynamic properties to the 
stable crystalline phase and (b) liquid like atoms, which would tend to 
predominate at high temperatures, and be associated with more trans
lational freedom. Other terms have been used to refer to these entities 
such as translational and vibrational atoms [10]. The advantage of this 
model is that it allows the liquid and amorphous phase to be modelled 
together over the whole temperature range without any artificial kink at 
the melting point. The two-state model was originally proposed by 
Agren [19]. 

The thermodynamic properties of the liquid like and solid like atoms 
could be presented separately. However, in practice, it is simpler to 
provide expressions for the Gibbs energy of the solid like atoms and, 
additionally, the difference between the Gibbs energy of the liquid like 
atoms and solid like atoms, ΔGd. The total Gibbs energy of the liquid will 
be the sum of the Gibbs energies of the two types of atoms weighted by 
their relative proportions which will, of course, vary with temperature. 

The Gibbs energy of the solid like atoms can be thought of as repre
senting the amorphous solid and will therefore take a similar form to 
that for the crystalline phase. 

Gam¼ E0þ
3
2

RθE þ 3RT ln
�
eθE=T � 1

�

eθE=T þAþ aT2 þ bT3 (6) 

The Einstein temperature of the amorphous phase could be expected 
to be similar to that of the stable crystalline phase while fewer correction 
terms may be necessary. 

The difference in Gibbs energy between the liquid like and solid like 
atoms, ΔGd can be expressed as: 

ΔGd ¼BþCT þ DTlnðTÞ… (7) 

For each temperature the solid like and liquid like atoms are in ther
modynamic equilibrium and this results in a total Gibbs energy of the 
liquid phase of 

Gliq¼Gam � RT ln
�

1þ exp
�

�
ΔGd

RT

��

(8) 

The parameters θE, A, a, b, B, C and D may in principle be used in 
order to get best agreement with the experimental data. In practice the 
number of parameters used may be limited by the quantity of reliable 
experimental thermodynamic data available for the liquid phase. 

2. Modelling of lattice stabilities using the Einstein model ie.
differences in Gibbs energies between two phases of an element

One of the key pieces of information required in order to model phase 
diagrams and thermodynamic data for systems is the so-called lattice 
stability. By this we mean the difference in Gibbs energy between two 
phases of a given element. In principal this could be a constant value ie. 
independent of temperature, to reflect the difference in crystal structure 
and strength of bonds in the two phases. In practice, of course, the two 
phases would also have different Einstein temperatures leading to a 
difference in entropy between the two phases. It is worth exploring how 
this lattice stability concept can be adapted for use with the third gen
eration data for the elements. 

According to the traditional representation of thermodynamic 
properties 

Gβ ¼Gα þ Aþ BT (9)  

which gives a constant enthalpy difference of A between the two phases, 
α and β, and an entropy difference of –B. 

Using the Einstein model without any correction terms the entropy S 
is given by 
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S¼ 3R
�

θE=T
ðeθE=T � 1Þ

� ln
�
eθE=T � 1

�

eθE=T

�

¼ 3R
�

θE=T
ðeθE=T � 1Þ

� ln
�
1 � e� θE=T�

�

(10) 

For high temperatures this can be simplified since 

θE=T
ðeθE=T � 1Þ

→
θE=T

1þ ðθE=TÞ þ ðθE=TÞ2

2 þ
ðθE=TÞ3

6 þ… � 1

! (11)

And this approaches a value of 1. 
Furthermore at high temperatures 

ln
�
1 � e� θE=T�→ ln 1 � 1þ θE

,

T �
ðθE=TÞ2

2
þ
ðθE=TÞ3

6
þ…

!

→lnðθE =TÞ

(12) 

Therefore, at high temperatures the entropy, S, tends to approach 

values defined by the following equation: 

S¼ 3R ð1 � lnðθE =TÞÞ (13) 

The entropy difference between two phases, α and β, at high tem
peratures can now be expressed as: 

Sα � Sβ ¼ 3R
�

1 � ln
�θα

E

T

��
� 3R

�
1 � ln

�θβ
E

T

��

¼ 3R ln
�

θβ
E

θα
E

�

(14) 

This means that the difference in entropy between the two phases 
will become constant at high temperatures. If we already have some 
knowledge of the entropy difference between two phases or we wish to 
retain the lattice stabilities used previously, this equation provides us 
with a way of estimating easily the Einstein temperature for a metastable 
phase. 

The validity of equation (14) can be seen in Fig. 1 which shows the 
calculated entropy using different values of the Einstein temperature. At 
higher temperatures the entropy differences become constant. 

3. Application of third generation unary data to binary systems

In the remainder of this paper we will focus on modelling the ther
modynamic and phase diagram data for the Al-Zn system. The phase 
diagram for the system shows extensive solid solutions in both the 
FCC_A1 and HCP_ZN phases and complete mixing in the liquid phase. 
There is a miscibility gap in the fcc phase which provides an additional 
challenge in assessing the data for the system. 

3.1. Review of published critical assessments of data 

Various critical assessments of data for the Al-Zn system have been 
carried out using the CALPHAD approach [20–25]. The miscibility gap 
in the fcc solid solution has also been modelled [26] in the framework of 
the Bragg-Williams approximation combined with a simple 
Lennard-Jones type potential and reasonable agreement with the 
experiment was obtained. More recently [27] calculated the energies of 
mixing using first principle calculations giving results in good agree
ment with the CALPHAD assessments. The thermodynamic data recently 
critically assessed by Mathon et al. [24] were used in this work as being 
the most recent critical assessment using the Redlich-Kister model to 
represent the variation of thermodynamic properties with composition. 
They obtained excellent agreement with the bulk of the experimental 
data available. The phase diagram calculated using these data is shown 
in Fig. 2. 

There is some small disagreement between the calculated miscibility 
gap in the fcc phase and the experimental data and a rather larger dif
ference between the calculated enthalpies of mixing in the fcc phase and 
experimental data. The critical assessment of Wasiur-Rahman and 
Medraj [25] used the modified quasichemical model to represent the 
thermodynamic properties of the liquid phase. This added an extra level 
of complexity to the modelling of data for the system and was not 
considered further for this work. 

3.2. Review of the experimental data for the Al-Zn system 

The Al-Zn system has been studied intensively in the past because of 
its industrial importance. The phase diagram is dominated by complete 
mixing in the liquid phase and extensive ranges of solid solution in both 
the Al based fcc phase and the Zn based hcp phase. There is a single 
eutectic reaction in the system Liq → FCC_A1 þ HCP_ZN at 654 K 
(381�C) with the relevant compositions xLiq

Zn ¼ 0.887, xFCC_A1
Zn ¼ 0.670 

and xHCP_ZN
Zn ¼ 0.972 [28]. The thermodynamic behaviour of the FCC 

phase deviates positively from an ideal solution, resulting in the 

Fig. 1. Calculated entropy against temperature for different values of the 
Einstein temperature. As the temperatures increase, the curves become parallel. 

Fig. 2. Calculated phase diagram for the Al-Zn system using the critically 
assessed data of Mathon et al. [24]. 
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formation of a miscibility gap at low temperatures with a critical tem
perature of 624.7 K at xFCC_A1

Zn ¼ 0.395 [28,29]. 
The first critical review of experimental phase diagram information 

was carried out by Hansen and Anderko [29]. It was pointed out that 
phase boundaries and equilibria in this system published before 1932 
were obsolete, apart from the liquidus lines. Hansen and Gayler [30], 
Isihara [31], and Tanabe [32] expected to find evidence for a peritectic 
reaction but this was shown by Hansen and Anderko [29] to be incor
rect. They identified an fcc miscibility gap which closes at 624.7 K. The 
results were extensively reviewed by Murray [28] and Okamoto [33,34] 
who also included consideration of newer experimental data. The liq
uidus surface has been determined by several authors [31,32,35–42]. 
The solidus curve in the (Al) solid solution region has been investigated 
by Refs. [30–32,37,40,41,43–52]. The solubility of Zn in (Al) has been 
measured by Refs. [29,53–56] and Schmid [57], who determined the 
lattice parameters by x-ray diffractometry. Resistometric measurements 
and metallographic investigations were carried out by Fink et al. [58] to 
determine the solubility up to 64.4 at% Zn. Further data concerning the 
phase boundaries in the (Al)–rich region have been published by Refs. 
[45,50,52,59–65]. Using several different experimental methods, the 

solubility of Al in (Zn) has been determined by Refs. [31,32,53–56,66, 
67]. The spinodal curve within the fcc miscibility gap was determined by 
differential scanning calorimetry [68]. 

The experimental phase diagram in Massalski [69] is based on 
experimental phase boundaries reported in more than twenty of the 
above mentioned papers. It agrees very well with more recent obser
vations of [70–72]. 

The thermodynamic properties of the system have also been 
measured by many authors. The thermodynamic activities in the liquid 
were measured e.g. by Balanovic et al. [73], who measured the ther
modynamic properties calorimetrically at 1000 K using the Oelsen 
method. These results are in good agreement with older works [74,75]. 
Integral enthalpies of formation of solid alloys (FCC phase) have been 
determined at 643 K (370�C) by solution calorimetry in liquid Zn as a 
solvent by Wittig and Schoeffl [76]. Extensive calorimetric measure
ments were carried out by Debski et al. [77]. They measured the integral 
molar mixing enthalpy of Al-Zn liquid solutions by means of drop 
calorimetry at 957 K and 1001 K, and their results are in good agreement 
with those of Wittig and Schoeffl [76]. Debski et al. [77] also measured 
the integral mixing enthalpy by means of drop calorimetry and also 
evaluated the excess Gibbs energy of liquid phase at 1000 K, and the 
mixing entropy of the liquid phase at T ¼ 1000 K. The excess entropy of 
formation of the fcc solid solution at 653 K were calculated from 
experimental data by Hultgren et al. [75]. The data of Debski et al. [77] 
are higher than those of Hultgren et al. [75], but similar to the data 
calculated by Miedema [78] who used a semi-empirical model for the 
estimation of the integral mixing enthalpy. The data for the entropy of 
mixing data derived by Debski et al. [77] are symmetrical with respect to 
the concentration and those evaluated by Hultgren et al. [75] are 
asymmetrical with the maximum for xZn ¼ 0.6. Enthalpy of mixing and 
entropy of mixing have been measured by Hillard et al. [79] at 300�C 
and 380�C over the whole composition range. 

4. Data for Al and Zn and the derivation of lattice stabilities

The data for the HCP_ZN and liquid phases of Zn have recently been
assessed by Dinsdale and Khvan [80]. A value of 162.2 K was derived for 
the Einstein temperature for the HCP_ZN phase. 

The data for FCC_A1 Al, including the Einstein temperature, were 
based on those derived by Bigdeli [8] who assessed a value of 294.414 K 
for the Einstein temperature. It was felt that the assessment of Bigdeli for 
the liquid phase of Al did not correspond to the spirit of the two state 
model in that the liquid like atoms were not predicted to predominate at 
high temperatures. As a result new data were derived for the liquid 
phase above the melting point. Fig. 3 shows the experimental heat ca
pacity data for crystalline and liquid phases. Most of the assessments of 
data for liquid Al assumed a constant heat capacity obtained from 
enthalpy drop measurements and the aim of the present assessment is to 
reproduce these data. 

It is worth describing in some detail here the process of assessing the 
data for the liquid Al. The aim behind using the two state model for the 
liquid phase is to provide a dataset with some greater semblance of 
physical reality than could be achieved using a simple power series 
expression in temperature. As explained earlier the Gibbs energy using 
two state model has two contributions, (a) data for the solid like atoms 
represented as the amorphous state described using the extended Ein
stein equation: 

Gam¼ E0þ
3
2

RθE þ 3RT ln
�
eθE=T � 1

�

eθE=T þAþ aT2 þ bT3 (15) 

And data for the difference in Gibbs energy between the liquid like 
atoms and the solid like atoms: 

ΔGd ¼BþCT þ DTlnðTÞ… (16) 

Because there are several parameters to be derived for the phase 
there is the possibility that many sets of parameters will give acceptable 

Fig. 3. Experimental heat capacity data for Al [81–90].  

Fig. 4. Different contributions to the heat capacity of the liquid phase.  
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Fig. 5. a: Modelled heat capacity for the FCC_A1, HCP_ZN and liquid phases of Al. 5b: Comparison of calculated heat capacity of Al using the new dataset and the 
experimental data. 

Fig. 6. Variation of the Gibbs energy of hcp and liquid phases of Al with temperature relative to FCC_A1 (a) using data from Ref. [91] (b) using the data derived in 
this paper. 

Fig. 7. Variation of the Gibbs energy of FCC_A1 and liquid phases of Zn with temperature relative to HCP_ZN (a) using data from Ref. [91] (b) using the data derived 
in this paper. 
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fits to the experimental data. Not all of them will be in accordance with 
the spirit of the two state model in ensuring the liquid like atoms pre
dominate at high temperatures and the solid like atoms predominate at 
lower temperatures. This can be achieved by limiting the number of 
parameters used and ensuring that ΔGd in equation (16) changes from 
positive to negative in the vicinity of the melting point of the element. 

Fig. 4 shows the effect of the different contributions to the heat ca
pacity of the liquid phase. The heat capacity of the amorphous phase is 
based on the Einstein contribution where the Einstein temperature may 
be assumed to be close to or even the same as that of the stable crys
talline phase. If there is evidence of a temperature dependence (eg. the 
dash-dot curve in Fig. 4) of the liquid heat capacity at high temperatures 
this would best be incorporated into the correction term for the heat 
capacity of the solid like atoms eg. using parameters a and b in equation 
(15). The solid line curve in Fig. 4 represents the total modelled heat 
capacity. The maximum in this heat capacity is a consequence of the 
equilibrium between the solid like and liquid like atoms. Similar effects 
can be seen in changes in heat capacity arising from electronic excita
tions in gaseous species or bond breaking eg. associated with monomer 
to dimer equilibria. The difference between the solid curve and the dash- 
dot curve in Fig. 4 is best modelled by the D term in equation (16). 
Having defined the parameters θE, a, b and D in equations (15) and (16), 
the remaining parameters A, B and C can be optimised in order the give 
the required values for the entropy of the liquid phase at the melting 
point. 

In the specific case of Al, the assessed constant heat capacity of the 
liquid phase is 31.75 J K� 1 mol� 1. Because the heat capacity is constant 
the parameters a and b in equation (15) can be set to 0. Parameter D 
represents the difference between 3R, the Einstein contribution to the 
heat capacity, and the assessed liquid heat capacity ie. D ¼ � 6.81347. 

Mathon et al. [24], in their assessment of data for the Al-Zn system, 
used the data for Al from Dinsdale [91]. In this work the lattice stability 
of HCP_ZN Al relative to FCC_A1 Al is (for simplification we omit the 
subscript E in the symbol for the Einstein temperature in following 
equations): 

Ghcp Zn
Al ¼Gfcc A1

Al þ 5481 � 1:8 T (17) 

According to the equation derived earlier 

Sfcc � Shcp¼ 3R ln
�

θhcp Zn

θfcc A1

�

(18)  

and consequently 

θhcp Zn ¼ θfcc A1eððS
fcc A1 � Shcp ZnÞ=3RÞ (19) 

The additional contributions to the heat capacity for FCC_A1 Al were 
assumed to apply for HCP_ZN Al. 

Fig. 5a and b shows the new modelled heat capacity for the FCC_A1, 
HCP_ZN and liquid phases of Al. 

It is worth comparing the new Gibbs energy differences between the 
three phases with those used up until now for the critical assessment of 
data for Al systems. Fig. 6a shows the diagram from the SGTE recom
mended data [91] extrapolated down to 0 K while Fig. 6b shows the 
equivalent using the data derived in this paper. It is apparent that the 
curves are almost identical except for the low temperature region where, 
in the data derived in this paper, the curves become parallel as the en
tropy of each phase tends towards a value of zero. 

The corresponding curves for the variation of the difference in Gibbs 
energy of the FCC_A1 and liquid phases of Zn relative to the stable 
HCP_ZN phase using the new description and the data from Ref. [91] are 
shown in Fig. 7. Again there are no significant differences between the 
curves. 

The Einstein temperature of FCC_A1 Zn was derived in the same 
manner as described for HCP_ZN Al. The entropy contribution to the 
lattice stability for FCC_A1 Zn was converted into an Einstein tempera
ture for the phase using equation (19). The additional contributions to 

Table 1 
The interaction parameters for the Al-Zn system ac
cording to Ref. [24].  

L0 7298.94 þ 0.47531 * T 

L1 6612.875–4.592 * T 
L2 � 3097.93 þ 3.30635 * T  

Fig. 8. Excess entropy of FCC_A1 phase in Al-Zn system from the assessment of 
Mathon et al. [24]. 

Table 2 
The interaction parameters for the FCC_A1 
phase in the Al-Zn system developed in the 
scope of this work.  

L0 7298.94 

L1 6612.875 
L2 � 3097.93 
ln θ0 0.01905544 
ln θ1 � 0.18409584 
ln θ2 0.13255341  

Fig. 9. Variation of the Einstein temperature of the FCC_A1 phase in the Al-Zn 
system with composition. 
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the heat capacity for HCP_ZN Zn were assumed to apply for FCC_A1 Zn. 

5. Composition dependence of the thermodynamic properties 

While thermodynamic data for a number of elements have now been 
critically assessed using an extended Einstein model for the crystalline 
phases and a two state model for the liquid phase, considerably less 
effort has been devoted to the variation of the parameters for these 
models with composition. Few assessments of binary system have been 
published using these new models. Tolochko and Agren [4] assessed 
data for the Fe-B system but they were concerned mainly with the liquid 
phase and did not consider any variation of the Einstein temperature 
with composition for the crystalline phases. More recently Bigdeli and 
Selleby [13] assessed data for the Fe-Mn system using recently published 
data for the two pure elements. In this work the authors did not 
explicitly include any variation of the Einstein temperature with 
composition but did include temperature dependent parameters to ex
press the variation of the excess Gibbs energy with composition. These 
imply that the non-configurational entropy of the solid solutions would 
not be zero at 0 K which does not seem to be consistent with the aspi
ration underlying the use of new physically based models. 

In this paper we have attempted to extend the description of the 
thermodynamic properties of the elements into the Al-Zn binary in a 
logical and consistent manner such that there are no excess entropy 
terms per se ie. any temperature dependence of the excess Gibbs energy 
of the fcc, liquid and hcp phases result from variations of the Einstein 
temperature with composition. This implies that there are no non- 
configurational contributions to the entropy of mixing of a solution 
phase at 0 K. This involves some extension of the equations developed 
earlier to derive the Einstein temperatures of metastable phases of the 
elements. 

By definition the excess entropy for a solution phase between com
ponents A and B can be written as 

Sex ¼ S � xASA � xBSB � Sid (20)  

where Sex is the excess entropy, S is the entropy of the solution phase, SA 

and SB are the entropies of the pure components, Sid the ideal entropy of 
mixing and xA and xB their mole fractions. 

As shown earlier (equation (13)) the contribution to the entropy of a 
pure element at high temperatures using Einstein model can be simpli
fied to: 

Fig. 10. Calculated phase diagram for the Al-Zn system using the coefficients derived in this paper with the experimental data superimposed.  

Fig. 11. Calculated enthalpies of mixing at 643 K in the FCC_A1 phase of the 
Al-Zn system using the coefficients derived in this paper with the experimental 
data of Wittig and Schoeffl [76] superimposed. 

Fig. 12. Calculated enthalpies of mixing in the liquid phase of the Al-Zn system 
at 1000 K using the coefficients derived in this paper with the experimental 
data of Debski et al. [77] superimposed. 
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S¼ 3Rð1 � lnðθ = TÞÞ (21) 

By combining equations (20) and (21) we obtain: 

Sex¼ 3Rðð1 � lnðθM =TÞÞÞ � xA½3Rð1 � lnðθA = TÞÞ� � xB½3Rð1 � lnðθB = TÞÞ�
(22)  

where θM is the Einstein temperature appropriate for the composition 
xA, xB. 

¼ 3Rð1 � xA � xBÞþ 3Rðln T � xA ln T � xB ln TÞ

� 3RðlnθM � xA lnθA � xB lnθBÞ (23) 

On simplification this gives 

Sex¼ � 3RðlnθM � xA lnθA � xB lnθBÞ (24) 

The mixing properties of a solution phase are commonly expressed in 
terms of a Redlich-Kister power series eg. 

Gex ¼ xAxB
�
L0þL1ðxA � xBÞþL2ðxA � xBÞ

2
þ…

�
(25)  

Sex¼ xAxB
�
S0þ S1ðxA � xBÞþ S2ðxA � xBÞ

2
þ…

�
(26)  

lnθex can also be expressed in terms of a Redlich Kister power series 

lnθex ¼ xAxB
�
lnθ0þ lnθ1ðxA � xBÞþ lnθ2ðxA � xBÞ

2
þ…

�
(27)  

and ln θ by 

ln θ¼ xA lnθAþ xB lnθB þ xAxB
�
lnθ0þ lnθ1ðxA � xBÞþ lnθ2ðxA � xBÞ

2
þ…

�

(28) 

A comparison of equation (28) and equations (24) and (26) shows 
that the coefficients for the excess entropy, S0, S1, S2, etc can be related 
directly to the coefficients for the variation of ln θ with composition. 

eg. 

lnθ0¼ � S0=3R; lnθ1 ¼ � S1=3R; lnθ2 ¼ � S2=3R; etc: (29) 

So, in the critical assessment of data for the Al-Zn system by Mathon 
et al. [24], the data for the fcc phase are in Table 1: 

It is necessary to retain parameters to express the variation of the 
enthalpy of mixing (the first part of the parameters L0, L1 and L2). The 
second part of the L0, L1 and L2 parameters, expressing the temperature 
dependence, are transformed into parameters expressing the variation of 

the Einstein temperature with composition. 
The excess entropy calculated using these data is shown in Fig. 8. The 

effect is quite pronounced. 
These coefficients can now be replaced by values shown in Table 2: 
It is quite interesting to see the resulting variation of the Einstein 

temperature with composition. This is shown in Fig. 9. The Einstein 
temperatures for FCC_A1 Al and FCC_A1 Zn are, respectively, 294.414 K 
and 152.307 K. If there had been no excess entropy of mixing in the fcc 
phase the natural logarithm of the Einstein temperatures would have 
varied linearly with composition. This would have resulted in slightly 
nonlinear behaviour in the variation of the Einstein temperature itself. 
The variation in the Einstein temperature derived above gives a some
what more pronounced effect as shown in Fig. 9. 

6. Calculated phase diagram and thermodynamic properties 

The data derived in the paper are essentially nearly identical in effect 
to the assessment of Mathon et al. [24]. The data for the crystalline el
ements and the solid solution phases should be almost exactly the same 
for the temperatures of interest. The data for the liquid phase, because 
they are now based on the two state model, could differ from the pre
vious assessment. Therefore it is necessary to calculate the phase dia
gram and thermodynamic properties for the system to compare them 
with the available experimental data. Fig. 10 shows the calculated phase 
diagram which is very good agreement with almost all the experimental 
data. There is some slight discrepancy associated with the closure of the 
miscibility gap in the fcc phase. Fig. 11 shows the calculated enthalpies 
of mixing in the fcc phase. Here there is an obvious discrepancy between 
the assessed values and the experimental data of Wittig and Schoeffl 
[76]. As mentioned above, this discrepancy exists also for the original 
assessment of [24]. Fig. 12 shows the calculated enthalpies of mixing in 
the liquid phase with the experimental data of Debski et al. [77] 
superimposed. The agreement is very good. Finally in Fig. 13 is shown 
the calculated activities of the components in the liquid phase at 1000 K 
compared with the experimental data of Balanovic et al. [73] and 
Yazawa and Lee [74] and the assessed data of Hultgren et al. [75]. 

7. Conclusions 

In this paper it was shown how the composition dependence of the 
thermodynamic properties for the liquid phase and solid solution phases 

Fig. 13. Calculated activities in the liquid phase of the Al-Zn system at 1000 K using the coefficients derived in this paper with the experimental data of Balanovic 
et al. [73] and Yazawa [74] superimposed. Also included are the assessed values from Hultgren et al. [75]. 
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could be expressed simply using the more physically based 3rd gener
ation models now under development. It was shown that a simple 
transformation of the entropy difference between two crystalline phases 
can be expressed in terms of a ratio of 2 E temperatures. Similarly the 
composition dependence of the excess entropy of mixing could be simply 
transformed into a variation of the log of the Einstein temperature. Using 
this approach thermodynamic and phase diagram data for the Al-Zn 
system were critically evaluated. An almost exact correspondence was 
found between the calculated results using the new models and data 
and, what we considered to be, the most reliable published assessment. 
Future work will explore this approach to systems where the component 
elements have significantly different melting points such as the Al-Si, Al- 
Sn and Si-Zn systems. 
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Appendix. Implementation of the Einstein model and the two 
state model in TDB files 

The implementation of the new models within TDB files has not, to 
the knowledge of the authors, been documented, although the models 
have been implemented in ThermoCalc and PyCalphad. This appendix 
aims to provide some pointers. 

Einstein Temperature 

In the TDB file the Einstein temperature, or rather, the natural log
arithm of the Einstein temperatures is entered through the parameter 
THETA. 

Eg. PARAMETER THETA(FCC_A1,AL:VA; 0) 1 LN(294.414); 6000 N ! 
defines the Einstein temperature of pure Al in the fcc phase to be 

294.414 K. 
The composition dependence of the natural logarithm of the Einstein 

temperature is given in the same way. 
PARAMETER THETA(FCC_A1,AL,ZN:VA; 0) 1 0.01905544; 6000 N ! 
PARAMETER THETA(FCC_A1,AL,ZN:VA; 1) 1–0.18409584; 6000 N ! 
PARAMETER THETA(FCC_A1,AL,ZN:VA; 2) 1 0.13255341; 6000 N ! 

The two state model for the Liquid phase 

The two state model in the TDB file has two sets of parameters: 
PARAMETER G(LIQUID,AL; 0) or PARAMETER L(LIQUID,AL,ZN; 0). 
and. 
PARAMETER GD(LIQUID,AL; 0) etc. 
The G and L parameters can best be thought of in terms of the solid 

like atoms, while the GD parameters can be thought of as the difference 
in Gibbs energy between the liquid like atoms and the solid like atoms. 
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ABSTRACT

The phase diagram of the Al–Cu–Zn ternary system was re-investigated

experimentally. The current study was designed to contribute to a better

description of those parts of the phase diagram, which are disputed in the

current scientific literature. Mutual relations in the family of ternary inter-

metallic phases s with cubic, rhombohedral and modulated structure at tem-

peratures 400 �C and 550 �C were described. The phase relation between the c
and c0 phases was studied at different temperatures. A two-phase field between

c and c0 was observed below 400 �C, while the transition appears to be second

order at higher temperatures. A vertical section between c and c0 phases in Cu–

Zn and Al–Cu and four isothermal sections at 400 �C, 550 �C, 700 �C and 820 �C,

respectively, were constructed.

Introduction and literature
reviewIntroduction

The Al–Cu–Zn ternary system has been investigated

intensively in the past because of its technical

importance for developing of light-weight alloys.

However, several areas of the phase diagram are still

not well understood and discussed intensively. Our

work is focused on several doubtful regions of the

phase diagram, which have not yet been satisfactorily

resolved in the scientific literature, and on the

divergent results from the experimental and theo-

retical publications [1, 2]. Major topics were the

extensions of the c and c0 solid solution phases (with

primitive and base-centered brass structures,

respectively) and their mutual relation in the whole

concentration and temperature range. We also stud-

ied the crystal structure and homogeneity ranges of

the reported ternary phases s and s0 and constructed

the isothermal sections of the phase diagram Al–Cu–

Zn based on our new experimental results at 400 �C,

550 �C, 700 �C and 820 �C as well as the vertical

section describing the mutual relation between c and

c0 phases.

Literature review

Detailed literature reviews of all binary subsystems

are described in recent literature. The experimental

description of the Al–Cu phase diagram is published

in our previous work [3]. Liang et al. [4] published a
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theoretical modeling of the Al–Cu phase diagram

based on CALPHAD approach.

The Al–Zn binary phase diagram was assessed by

Murray [5] and reported by Massalski [6]. Dinsdale

et al. [7] have done the most recent theoretical mod-

eling of the Al–Zn phase diagram, using the third

generation of unary data. Theoretical modeling using

the commonly used SGTE unary database [8] was

published by Mathon et al. [9].

The assessed Cu–Zn binary phase diagram was

published by Miodownik [10]. Liang et al. [11] pub-

lished the most recent theoretically modeled binary

phase diagram Cu–Zn. Figure 1a–c show redrawn

binary experimental phase diagrams of the relevant

subsystems.

Ghosh et al. [1] published a review of the experi-

mental studies on the Al–Cu–Zn phase diagram

available up to the year 2002. The experimental

ternary phase diagram Al–Cu–Zn provided in [1] can

be generally accepted except for the disagreement in

the proposed phase equilibria between the c and c0

phases in comparison with the detailed analysis of

existing experimental studies presented by Liang and

Schmid-Fetzer [2]. These authors also published the

most recent theoretical assessment based on this

analysis in the same paper [2]. The main difference

exists for mutual relation between the two closely

related c (Al4Cu9) and c0(Cu5Zn8) phases and ternary

s and s0 phases which will be discussed later. Most of

the original references from the years 1905–2002

evaluated in Ghosh et al. [1] are not duplicated here.

Liang and Chang [12] published an overall ther-

modynamic description based on the CALPHAD

approach. Two isothermal sections at 500 �C and

700 �C and a liquidus projection were published in

this paper. Only one ternary intermetallic compound

s (approx. formula Al3Cu5Zn2) was theoretically

modeled in this system by Liang and Chang [12].

Despite the fact that the experimentally established

homogeneity range of the s phase is highly temper-

ature dependent, Liang and Schmid-Fetzer [2] mod-

eled the s phase as a linear phase with constant

composition x(Zn) = 0.10. It was found earlier that

the family of s-phases appears in two modifications,

cubic B2-type s phase and a structurally related

rhombohedral s0 phase [13]. The s0 phase was not

included into Liang’s [2, 12] thermodynamic

description because the composition range and ther-

mal stability had not yet been reasonably determined.

The continuous solid solutions were modeled

between some binary intermetallic phases in this

system. The b (BCC_A2) phase exists in both Al–Cu

and Cu–Zn systems and the continuous solid solu-

tion was modeled in [12]. The situation is more

complicated in the case of the family of c-phases. The

c phase region forms continuous solid solution in all

experimentally assessed isothermal sections from

350 �C to 700 �C [1], from the Al–Cu side, where the

low temperature c0 (Al4Cu9) with the Pearson symbol

cP52 exists in the binary Al–Cu system, to the Cu–Zn

Figure 1 Binary phase diagram of subsystem. a Al–Cu [3], b Al–

Zn [6], c Cu–Zn [6].
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side where the c (Cu5Zn8) phase with the Pearson

symbol cI52 is stable.

The first results showing continuous c phase region

between Al–Cu and Cu–Zn binaries were presented

by Bauer and Hansen [14]. They constructed several

isothermal sections of Al–Cu–Zn ternary system in

the Cu-rich corner in temperature range 410–800 �C.

They proposed the continuous solid solution of the c
phase based on their experimental results. Koster and

Moeller [13] constructed an isothermal section at

350 �C and confirmed the continuous solubility of the

c phase. Ashirimbetov et al. [15] reported two

isothermal sections at 20 �C and 350 �C. The results

showed the solid solubility of Al in c at 20 �C and

350 �C are about 3.5 and 7.0 wt % (2.2 and 5.5 at.%),

respectively, and solubility of Zn in c0 at the same

temperatures about 30 wt %. They detected a wide

two-phase region between c and c0 at room temper-

ature and 350 �C. They predicted that these two dif-

ferent c phases might be miscible at higher

temperatures where the high temperature modifica-

tion of the c phase exists in the Al–Cu system with

the same crystal structure as in the Cu–Zn system.

Also Liang and Schmid-Fetzer [2] did not accept the

continuous solid solution between these crystallo-

graphically slightly different types of c phases in their

theoretical work. They described this decision in

detail in the text of their paper. Nevertheless, they

did not run any experimental study to confirm their

conclusions.

With respect to previously mentioned result dis-

crepancies, the aim of our study of the Al–Cu–Zn

ternary system was to experimentally solve the

question of solubilities between the c0 and c phases

and a detailed crystallography and compositional

and temperature stability of s and s0 phases.

The current available information for all solid

phases of the system is summarized in Table 1. The

abbreviated phase names in the form of Greek letters

used in the text and phase diagrams are provided in

the first column. Other common phase names used in

the literature [1–3] are shown in column 2. The

Pearson symbol and structure type (columns 3 and 4)

are taken from the Materials Science International

Team (MSIT) report [16]. Temperature stability of

binary phases is taken from relevant phase diagrams

[3, 6]. Temperature stability of ternary phase s (in our

text is equal to sc) from Ghosh et al. [1] and ternary

phases si and sr (which corresponds to s0) is based on

our new results.

Experimental

The overall compositions of experimental samples

were selected in order to address the unsolved

questions in the experimental phase diagrams as

mentioned above. Furthermore, it was our aim to

determine complete isothermal phase equilibria in

four isothermal sections. The prepared samples were

analyzed and characterized by different static and

dynamic analytical methods (SEM–EDX, DTA, XRD).

Sample preparation

Samples were prepared from pure elements of 5 N

purity. Any oxide presented in the copper was

reduced by flowing of the H2 gas at 300 �C for 3 h.

The alloys were re-melted at 950 �C several times in

evacuated quartz glass ampoules in order to improve

the homogenization of the material. Long-term

annealing of the samples was performed at selected

temperatures on material sealed in evacuated quartz

glass ampoules. To prevent reaction of liquid Al with

the Si from material of quartz glass, the samples with

high content of Al-rich liquid were placed inside the

corundum crucibles. These crucibles with samples

were sealed in evacuated quartz glass ampoules. A

conventional muffle resistance furnace was used for

the heat treatment. Samples were long-term annealed

to achieve state close to the thermodynamic equilib-

rium. Annealing time was selected with respect to

annealing temperature. For the annealing tempera-

ture closer to the melting temperature, shorter

annealing time is sufficient. Annealing was termi-

nated by quenching of the samples into cold water

from their annealing temperatures, and sample was

prepared for further investigations. Annealing times

and temperatures are given in Table 2 together with

experimental results.

Experimental phase diagram investigation

A combination of dynamic and static methods was

used for the investigation of the phase diagram.

Phase equilibria, microstructure and chemical anal-

ysis of phases and overall compositions were per-

formed by using scanning electron microscopy

combined with energy dispersive X-ray spectroscopy

(SEM–EDX), employing either a Zeiss Supra 55 VP

instrument equipped with an energy dispersive

detector for quantitative analysis or a similarly
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equipped SEM JEOL JSM-6460. Identification of

phases present in the long-term annealed samples

was achieved using X-ray powder diffraction. The

Bruker D8 diffractometer equipped with a high-

speed position sensitive (PSD) detector (Lynxeye)

was used in the h/2h reflection setting. Rietveld

refinements of selected diffraction patterns were

performed with the Topas software [17]. Annealing

temperature of the sample, overall composition,

coexisting phases and phase compositions of the

concrete phases in the equilibrium are listed in

Table 2. Annealing temperature and number of the

sample are listed in column 1, and the annealing time

is shown in column 2. Column 3 shows the overall

composition measured by SEM–EDX area scans.

Coexisting phases stable in the samples are listed in

column 4; columns 5-7 show the composition of

equilibrium phases existing in the samples measured

by SEM–EDX in same order as the phases are men-

tioned in column 4.

Phase transition temperatures were measured

using a high-temperature DTA (NETZSCH Pegasus

404 C) with samples placed in closed and evacuated

quartz glass DTA ampoules. Closed ampoules were

used to limit uncontrolled Zn evaporation during the

measurement and contamination of the inner parts of

the instrument. The DTA was calibrated using a set of

pure metal standards having well-defined melting

temperatures (Sn, Al, Zn, Cu, Ag, Au). Calibration

was carried out under the same conditions as the

experimental measurements. Three heating and

cooling runs were performed for each sample; the

thermal effects during the first heating run were not

taken into account. Thermal analysis results for four

samples situated in the section c0 - c are listed in

Table 3.

Results and discussion

By combining all experimental results listed in

Tables 2 and 3, it was possible to draw complete

isothermal sections of ternary phase diagram Al–Cu–

Zn at 400 �C, 550 �C, 700 �C and 820 �C. These sec-

tions are presented in Fig. 2. The shape of the phase

boundaries and phase fields not defined by our own

samples was drawn based on information from

Table 1 Stable phases in Al–Cu-Zn ternary phase diagram and binary subsystems

Phase name [This work] Common names Pearson symbol Structure prototype T. range (�C)

a (Al) FCC_A1, Al cF4 Al B 660.5

a (Cu) FCC_A1, Cu cF4 Cu B 1083

a (Zn) HCP_Zn, Zn hP2 Mg

h h, Al2Cu tI12 Al2Cu B 590.5

g g1_AlCu, Eta HT oP16/oC16 n.a. 573.9-624.5

g0 g2_AlCu, Eta LT mC20 AlCu B 574.5

f f2, Al3Cu4-d Imm2 Al3Cu4-d 373–597

f0 f1, Al3Cu4 Fmm2 Al3Cu4 min. 300–560.5

e e1_AlCu, epsilon HT cubic? n.a. 959–846

e0 e2_AlCu, epsilon LT hP4 NiAs 846–568.5

d d, Al5Cu8 hR52 Al4Cu9 (r) B 680

c c0, c_CuZn, c_brass cI52 Cu5Zn8 991–779.6

c0 c1, c_AlCu, c_D83 cP52 Al4Cu9 B 873.5

b BCC_A2 (AlCu) cI2 W 1052–566.7

a’ a2_AlCu, alpha_LT n. a. super structure based on TiAl3 B 360

b’ BCC_B2, CuZn cP2 CsCl B 468

d1 CuZn3 hP3 CuZn3 700–560

e1 CuZn4 hP2 Mg B598

sc s, Cu5Zn2Al3 cP2 CsCl B 740

si Incommensurate s phase B 550*

sr s0 hR9 superstructure of CsCl \ 440*

*Based on constructed isothermal sections in this work
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Table 2 Chemical composition of the long-term annealed representative sample

T [�C]_No. Annealing time

[h]

Overall composition

(at. %)

Coexist. phases Phase 1 (at. %) Phase 2 (at. %) Phase 3 (at. %)

Al Cu Zn Al Cu Zn Al Cu Zn Al Cu Zn

300_1 700 14.3 48.8 36.9 c ? c0 10.5 44.2 45.3 21.0 53.5 25.5 – – –

325_1 700 15.1 48.6 36.3 c ? c0 11.0 45.1 43.9 20.1 53.2 26.7 – – –

350_1 700 14.9 48.2 36.9 c ? c0 11.4 47.0 41.6 18.5 52.4 29.1 – – –

375_1 700 16.9 50.8 32.3 c ? c0 12.2 46.7 41.1 17.8 52.4 29.8 – – –

400_1 648 21.0 39.0 40.0 sc? e1 29.9 46.7 23.4 17.9 36.4 45.7 – – –

400_2 648 42.4 52.3 5.3 f ? g0 45.3 51.7 3.0 41.9 52.0 6.1 – – –

400_3 648 14.3 61.6 24.1 c0 ? b’ 22.2 61.7 16.1 10.9 61.8 27.3 – – –

400_4 648 53.6 42.5 3.9 g0? sr? h 47.8 50.2 2.0 55.3 40.0 4.7 65.4 34.0 0.6

400_5 648 47.6 47.7 4.8 g0? sr 46.59 49.61 3.80 53.1 41.0 5.9 – – –

400_6 648 26.1 34.8 39.1 si ? e1 42.3 42.6 15.1 13.3 30.3 56.4 – – –

400_7 648 18.6 42.9 38.5 sc ? c ? e1 25.6 49.1 25.3 15.7 44.4 39.9 15.4 36.8 47.8

400_8 648 32.8 47.8 19.4 sc 32.8 47.8 19.4 – – – – – –

400_9 648 37.4 46.0 16.6 si 37.4 46.0 16.6 – – – – – –

400_10 648 42.4 44.1 13.5 si 42.4 44.1 13.5 – – – – – –

400_11 625 48.4 41.7 9.9 sr 48.4 41.7 9.9 – – – – – –

400_12 625 29.1 57.5 13.4 d ? sc 29.4 59.3 11.3 28.4 50.9 20.7 – – –

400_13 625 38.6 55.8 5.6 d ? f0 35.8 59.8 4.4 41.0 52.5 6.5 – – –

400_14 625 15.8 49.7 34.5 c ? c0 15.8 49.2 35.0 17.4 51.0 31.6 – – –

400_15 625 13.8 48.2 38.0 c 13.8 48.2 38.0 – – – – – –

400_16 625 11.8 46.3 41.9 c 11.8 46.3 41.9 – – – – – –

400_17 612 16.4 51.6 32.0 c0 16.4 51.6 32.0 – – – – – –

400_18 612 42.9 48.3 8.8 g0? sr 42.9 49.6 7.5 44.7 43.8 11.5 – – –

400_19 612 38.2 50.7 11.1 f0? si? d 40.4 50.3 9.4 34.3 48.4 17.3 – – –

400_20 612 31.9 58.0 10.1 d ? sc 32.0 59.5 8.5 30.3 51.0 18.7 – – –

400_21 612 28.1 40.8 31.1 si ? e1 35.6 46.1 18.3 13.4 32.0 54.6 – – –

400_22 612 9.8 36.6 53.6 c ? e1 9.5 40.2 50.4 10.5 32.4 57.0 – – –

400_23 612 5.7 55.3 39.0 b 5.7 55.3 39.0 – – – – – –

400_24 612 37.5 14.8 47.7 sr ? L 51.1 40.2 8.7 35.0 8.6 56.4 – – –

400_25 660 29.4 21.8 48.8 sr ? L?e1 50.3 40.3 9.4 31.0 8.0 61.0 8.8 23.6 67.6

400_26 660 56.7 4.6 38.7 a (Al) 56.7 4.6 38.7 – – – – – –

400_27 660 38.0 34.0 28.0 sr ? e1 ? L 50.3 39.8 9.9 10.6 25.8 63.6 – – –

400_28 660 23.2 15.3 61.5 e1 ?L 9.96 23.12 66.92 32.3 8.1 59.6 – – –

400_29 660 6.1 34.3 59.6 c ? e1 6.6 35.7 57.7 4.7 26.3 69.0 – – –

400_30 660 21.7 67.9 10.4 c0 ? a (Cu) 25.7 64.7 9.6 12.3 74.2 13.5 – – –

400_31 660 18.0 59.8 22.2 c0 ? b 20.3 59.6 20.1 10.7 59.1 30.2 – – –

400_32 660 14.4 52.1 33.5 c0 14.4 52.1 33.5 – – –

400_33 660 17.0 50.2 32.8 c ? c0 15.4 48.7 35.9 18.2 50.7 31.1 – – –

400_34 715 50.9 40.3 8.8 sr 50.9 40.3 8.8 – – –

400_35 715 74.8 18.8 6.4 h ? a (Al) 65.7 32.5 1.8 85.2 2.1 12.7 – – –

400_36 715 69.2 19.2 11.6 h ? a (Al) 65.7 31.7 2.6 78.8 3.1 18.1 – – –

400_37 715 26.6 6.3 67.1 L 26.5 6.3 67.2 – – –

400_38 715 18.6 53.7 27.7 c0 18.6 53.7 27.7 – – –

400_39 715 63.8 18.0 18.2 h ? a (Al) 65.8 31.5 2.7 60.3 4.1 35.4 – – –

400_40 715 28.8 37.8 33.4 si ? e1 40.2 43.5 16.3 13.3 31.6 55.1 – – –

400_41 715 59.4 20.9 19.7 h ? sr ? a (Al) 65.8 31.9 2.3 53.5 38.7 7.8 54.0 4.7 41.3

400_42 680 51.1 25.1 23.8 sr ? a (Al) ? L 52.7 39.0 8.3 50.3 4.7 45.0 30.0 9.8 60.2

400_43 680 48.6 26.7 24.7 sr ? a (Al) ? L 51.7 39.9 8.4 48.7 4.6 46.7 30.3 8.5 61.2

400_44 680 34.1 54.8 11.1 d ? f0? sc 32.8 60.2 7.0 38.9 51.5 9.6 32.0 50.7 17.3
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Table 2 continued

T [�C]_No. Annealing time

[h]

Overall composition

(at. %)

Coexist. phases Phase 1 (at. %) Phase 2 (at. %) Phase 3 (at. %)

Al Cu Zn Al Cu Zn Al Cu Zn Al Cu Zn

400_45 680 3.5 8.3 88.2 e1 ? L 1.7 15.1 83.2 4.6 3.1 92.3 – – –

400_46 680 30.4 49.0 20.6 sc 30.4 49.0 20.6 – – –

400_47 680 45.4 43.6 11.0 si 45.4 43.6 11.0 – – –

400_48 680 39.9 44.6 15.5 si 39.8 44.7 15.5 – – –

400_49 680 35.0 46.1 18.9 si 35.0 46.1 18.9 – – –

400_50 680 28.9 49.4 21.7 sc 28.9 49.4 21.7 – – –

450_1 500 15.9 50.9 33.2 c/c0 15.9 50.1 34.0 16.2 50.5 33.3 – – –

500_1 500 16.0 49.3 34.7 c/c0 15.3 52.2 32.5 – – –

550_1 840 32.5 55.2 12.3 c0 ? sc 31.9 59.1 9.0 32.8 53.0 14.2 – – –

550_2 840 29.5 55.5 15.0 c0 ? sc 29.3 57.5 13.2 30.3 52.1 17.6 – – –

550_3 840 21.7 55.4 22.9 c0 21.7 55.4 22.9 – – –

550_4 840 10.5 55.8 33.7 b ? c0 8.3 58.5 33.2 11.7 54.5 33.8 – – –

550_5 840 36.0 56.1 7.9 d ? si 35.4 58.6 6.0 36.3 53.4 10.3 – – –

550_6 840 31.8 41.0 27.2 sc? L?e1 33.9 46.7 19.4 43.4 30.9 25.7 26.1 42.5 31.4

550_7 840 5.9 39.8 54.3 c 5.9 39.8 54.3 – – – – – –

550_8 840 5.4 52.5 42.1 b ? c0 4.5 55.2 40.3 6.6 49.0 44.4 – – –

550_9 840 24.3 45.5 30.2 e1? c 24.3 45.5 30.2 – – – – – –

550_10 840 4.5 65.3 30.2 a (Cu) ? b 4.1 67.0 28.9 6.2 62.3 31.5 – – –

550_11 840 22.6 47.4 30.0 sc ? c ? d 26.6 50.0 23.4 19.2 48.6 32.2 23.9 45.4 30.7

550_12 420 23.7 69.9 6.4 b ? c0 20.4 72.6 7.0 27.6 67.0 5.4 – – –

550_13 420 20.2 65.9 13.9 b ? c0 25.1 63.5 11.4 16.2 67.6 16.2 – – –

550_14 420 10.2 71.3 18.5 a (Cu) ? b 9.4 72.0 18.6 13.2 67.6 19.2 – – –

550_15 420 40.6 48.1 11.3 si 40.6 48.1 11.3 – – – – – –

550_16 420 35.1 48.4 16.5 sc 35.1 48.4 16.5 – – – – – –

550_17 420 41.3 43.8 14.9 si ? L 40.6 44.4 15.0 58.7 29.5 11.8 – – –

550_18 420 27.5 47.1 25.4 sc ? e1 29.6 49.9 20.5 26.7 46.4 26.9 – – –

550_19 420 30.3 34.4 35.3 e1 ? L 25.3 42.5 32.2 36.9 23.7 39.4 – – –

550_20 420 41.6 47.8 10.6 si 41.6 47.8 10.6 – – – – – –

550_21 560 56.8 40.3 2.9 sr ? h 49.9 45.4 4.7 65.2 34.0 0.8 – – –

550_22 560 46.7 46.1 7.2 si 46.7 46.1 7.2 – – – – – –

550_23 560 37.4 51.9 10.7 si 37.4 51.9 10.7 – – – – – –

550_24 560 12.4 46.3 41.3 c/c0 12.4 46.3 41.3 – – – – – –

550_25 560 9.5 50.1 40.4 c 9.5 50.1 40.4 – – – – – –

550_26 560 9.5 47.1 43.4 c 9.4 47.2 43.4 – – – – – –

550_27 560 24.7 73.9 1.4 a (Cu) ? c0 18.3 80.3 1.4 28.9 69.8 1.3 – – –

550_28 560 53.3 39.2 7.5 si ? L 47.1 45.5 7.4 62.5 29.6 7.9 – – –

550_29 635 25.8 32.3 41.9 e1? L 21.9 39.2 38.9 31.9 19.2 48.9 – – –

550_30 635 25.2 49.4 25.4 sc? c0 28.2 49.8 22.0 22.7 49.1 28.2 – – –

550_31 635 6.2 31.5 62.3 e1? c 6.5 33.0 60.5 3.8 26.5 69.7 – – –

550_32 635 39.4 57.9 2.7 d ? f0 37.7 59.7 2.6 39.8 57.6 2.6 – – –

550_33 635 16.8 39.6 43.6 c ? d1 16.6 41.2 42.2 17.1 39.2 43.7 – – –

550_34 635 42.6 54.5 2.9 f 42.6 54.5 2.9 – – –

550_35 635 16.4 40.3 43.3 c ? d1 15.2 42.1 42.7 16.1 39.1 44.8 – – –

550_36 635 3.8 30.0 66.2 e1? c 4.2 34.9 60.9 3.9 30.7 65.4 – – –

550_37 635 11.6 36.1 52.3 e1? c 11.3 36.1 52.6 12.1 33.5 54.4 – – –

550_38 635 21.3 45.2 33.5 c ? d ? e1 19.1 47.4 33.5 22.0 43.4 34.6 – – –

700-_1 570 40.26 57.87 1.87 e0 40.26 57.87 1.87 – – –

700_2 570 38.4 56.8 4.8 c0 ? e0 * * * 38.4 56.8 4.8 – – –
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Table 2 continued

T [�C]_No. Annealing time

[h]

Overall composition

(at. %)

Coexist. phases Phase 1 (at. %) Phase 2 (at. %) Phase 3 (at. %)

Al Cu Zn Al Cu Zn Al Cu Zn Al Cu Zn

700_3 570 33.3 59.1 7.6 c0 ? e0 33.3 59.1 7.6 * * * – – –

700_4 570 32.8 56.8 10.4 c0 32.8 56.8 10.4 – – –

700_5 570 30.4 56.9 12.7 c ? sc 29.7 59.5 10.8 30.8 56.3 12.9 – – –

700_6 570 27.9 57.5 14.6 c ? sc 27.7 57.7 14.6 * * * – – –

700_7 570 24.4 55.7 19.9 c 24.4 55.7 19.9 – – –

700_8 570 17.5 54.7 27.8 c 17.5 54.7 27.8 – – – – – –

700_9 450 35.5 58.4 6.1 c0 ? e0 34.4 59.9 5.7 35.6 58.3 6.1 – – –

700_10 450 33.6 56.1 10.3 c0 ? sc 32.0 58.6 9.4 33.6 55.7 10.7 – – –

700_11 450 13.4 73.4 13.2 a (Cu) ? b 12.9 73.6 13.5 16.0 70.5 13.5 – – –

700_12 450 12.5 57.1 30.4 b ? c 12.5 57.6 29.9 14.5 54.8 30.7 – – –

700_13 450 40.7 44.8 14.5 sc? L 34.3 51.5 14.2 45.3 39.7 15.0 – – –

700_14 480 33.7 43.4 22.9 sc? L 28.9 49.0 22.1 40.9 36.5 22.6 – – –

700_15 480 24.8 43.0 32.2 e1? L 24.6 42.8 32.6 33.3 28.7 38.0 – – –

700_16 480 16.3 35.2 48.5 e1? L 16.2 39.4 44.4 16.6 28.0 55.4 – – –

700_17 480 12.5 32.6 54.9 e1? L 13.0 35.6 51.4 12.6 22.3 65.1 – – –

700_18 480 8.1 28.2 63.7 e1? L 7.8 32.3 59.9 9.2 23.4 67.4 – – –

820_1 330 33.8 59.3 6.9 c0 ? e 32.9 60.8 6.3 34.2 59.0 6.8 – – –

820_2 330 19.6 61.1 19.3 c 19.6 61.1 19.3 – – – – – –

820_3 330 36.5 60.3 3.2 c0 ? e0 35.2 61.7 3.1 37.2 59.6 3.2 – – –

820_4 330 28.6 57.9 13.5 c ? L 27.7 59.1 13.2 29.4 54.9 15.7 – – –

820_5 330 24.8 52.6 22.6 c ? L 24.3 53.4 22.3 25.3 51.6 23.1 – – –

820_6 330 17.8 70.1 12.1 b 17.8 70.1 12.1 – – – – – –

820_7 330 30.0 61.6 8.4 c 30.0 61.6 8.4 – – – – – –

820_8 330 24.8 71.0 4.2 b ? c 25.0 70.5 4.5 28.2 67.9 3.9 – – –

820_9 330 17.9 64.9 17.2 b 17.9 64.9 17.2 – – – – – –

820_10 330 15.2 76.9 7.9 a (Cu) ?b 14.0 77.9 8.1 17.2 74.5 8.3 – – –

820_11 330 30.8 57.0 12.2 c ? L 30.8 57.6 11.6 32.2 54.1 13.7 – – –

820_12 330 9.1 68.6 22.3 a (Cu) ?b 7.7 70.6 21.7 9.4 66.4 24.2 – – –

820_13 330 4.7 53.4 41.9 b 4.7 53.4 41.9 – – – – – –

Coexisting phases found by XRD are in italic font. Coexisting phases established from their compositions are in standard font. *

composition has not been measured

Table 3 Temperature of phase

transitions measured by DTA T [�C]_No. Nominal comp. (at.%) Thermal effects (heating) (�C)

Liquidus Solidus Transition

c $ c0
other transitionsAl Cu Zn

400_38 18.6 53.7 27.7 940.7 903.8 569.1

550_3 21.7 55.4 22.9 952.2 903.6 622.2 270.2

700_6 27.9 57.5 14.6 955.0 892.0 727.8

700_4 32.8 56.8 10.4 * * 826.9 641.9

*Has not been measured
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binary subsystems, phase rules and data published

by Ghosh et al. [1].

Our results generally agree well with the older

phase diagrams published by Ghosh et al. [1], and the

theoretical phase diagram published by Liang et al.

[2], but contains some additional clarification and

improvement of areas, which were not investigated

in detail in the previous studies.

Isothermal section at 400 �C

The isothermal section of phase diagram Al–Cu–Zn

at 400 �C is shown in Fig. 2a. The ternary phase field

s exhibits a long line-shaped homogeneity range

between the approximate compositions

Al29Cu49Zn22 and Al48Cu42Zn10. In this area, we

found at least three structural modifications (cubic

form sc, (presumably) incommensurate modification

si and rhombohedral sr). The structural details are

described in detail in the following paragraph. The

Zn-poor region of the isothermal section shows

equilibria of the s-phase family with various binary

Al–Cu compounds (phases h, g0, f, f0, d). The Al–Cu

binary compounds in this central region show limited

solubility of Zn. The solubility of Zn in the h-phase is

about 1 at.%. The phases g0, f, f0 show solubility of Zn

about 5 at.% and d phase about 10 at.%. c0 phase has

highest solubility of Zn up to 35 at.% of Zn. Based on

binary phase diagram Cu–Zn, the ordered phase b’ is

stable at 400 �C. Solubility of Al is up to 10%. The c

Figure 2 Isothermal sections of the Al–Cu–Zn experimental

phase diagram at a 400 �C, b 550 �C, c 700 �C, d 820 �C.
Overall compositions of selected samples are represented by

several symbols. Stars represent the samples located in the single-

phase field. Squares are the overall composition of the samples

containing two phases in equilibrium. Compositions of each phase

and relevant tie lines are not shown as the figure would be very

difficult to read. Triangles represent the overall composition of the

samples containing three phases in equilibrium. Phase

compositions are defined by the corner of the tie triangle.
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phase and e1 phase have similar solubility of almost

20 at.% of Al. Figure 3 shows the microstructure of

the two-phase sample e1 ? sc. The liquid phase is

stable around the binary eutectic point in Al–Zn and

extends toward the more Al-rich compositions in the

ternary with a solubility for Cu up to 5 at.%. The

solubility of Cu in a (Al) solid solution increases with

increasing Zn content reaches up to 5 at.%. The

microstructure of the a (Al) phase in the two-phase

field a (Al) ? h is not homogeneous (Fig. 4) due to

the fact that the annealed samples go through the

miscibility gap of a (Al) phase, and it decomposed to

two a (Al) phases according the Al–Zn binary phase

diagram (Fig. 1b).

The s-phase

As mentioned above, the composition area of the s-

phase is crystallographically complex. Originally,

two different modifications of the phase were repor-

ted in the literature [18]: s with CsCl-type structure

and s0 with a closely related rhombohedral structure

space group R-3 m, Pearson symbol hR30. In the latter

structure, six atomic sites are present, of which three

being occupied by the Cs atoms and three by the Cl in

specific sublattices of B2. Distortions from the ideal

cubic coordination CN = 14 (8 ? 6) are only small.

Our detailed evaluation of the powder patterns of

single-phase samples in the 400 �C isothermal section

yielded the following results: The cubic B2 structure

was found in samples situated at the Cu- and Zn-rich

end of the homogeneity range (sc), while the rhom-

bohedral structure was found at the opposite end of

the homogeneity range (sr). The intermediate

composition range, here designated as (si), could not

be refined properly, although all samples were single

phase according to SEM results. In this area, addi-

tional superstructure reflexes were observed which

could not be indexed with any reasonable set of cell

parameters. Position and intensity of superstructure

reflexes varied continuously with the composition,

but the number of observed superstructure reflexes

increased with decreasing Cu content. This behavior

leads to the conclusion that this intermediate area

probably contains an incommensurately modulated

crystal structure related to both, the B2 structure and

its rhombohedral counterpart. It is not clear if the

different phase regions sc, si and sr are separated by

two-phase fields, however, in spite of the large

number of samples investigated in this area, it was

not possible to identify any composition gap in the

phases field. Consequently, the different areas are

only separated by dashed lines in Fig. 2a. XRD pat-

terns of some selected samples containing the family

of s phases are shown in comparison in Fig. 5.

Samples containing sc and sr were further investi-

gated by Rietveld refinement in order to reveal the

site occupations. For sc, a site occupation model

allowing vacancies on the Cu site and Al/Zn sub-

stitution on the Al site yielded excellent agreement

with the sample composition obtained by EDX mea-

surements (Table 4). This defect mechanism is well in

line with other nonstoichiometric B2 intermetallics

like e.g., NiAl showing vacancies on the transition

metal site [19].

The rhombohedral structure is much more com-

plicated, so site occupation refinements were more

demanding. Table 5 summarizes the refinement

results for sample 400_34 in the single-phase region
Figure 3 Microstructure of the sample 400_1 in BSE mode

consist of e1 and sc phases.

Figure 4 Microstructure of the sample 400_39 in BSE mode

consist of h and a (Al) phases.
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sr. Free refinement of Cu occupation factors yielded

the two fully occupied positions Cu1 and Cu2, while

the occupation of Cu3 is only 0.15. The position Al2 is

fully occupied by Al, while the two positions Al1 and

Al3 show partial substitution with Zn. The resulting

calculated overall composition based on Rietveld

refinement is in reasonable agreement with results

from EDX concentration measurements; a second

sample in the sr region yielded comparable results

(Table 4).

Isothermal section at 550 �C

The isothermal section of phase diagram Al–Cu–Zn

at temperature 550 �C is shown in Fig. 2b. At this

temperature, only sC and si were identified—the

rhombohedral structural modification was not

observed. The pseudo-ternary phase d1 is found at

550 �C in equilibrium with c (Fig. 6). Thus, the binary

d1 phase in the Cu–Zn system is stabilized toward

lower temperatures by the addition of Al. Binary Al–

Cu compounds (phases h, g0, f, f0, d) from the central

part of the binary phase diagram are in equilibrium

with the s-phase family with only limited solubility

of Zn. This part of the phase diagram is quite com-

plex and phase relations drawn in Fig. 2b are based

on diagrams published by Ghosh et al. [1]. The h-

phase shows solubility of Zn about 1 at.%. The pha-

ses g0, f, f0, d show solubility of Zn about 5 at.%. The

c0 phase is stable up to 30 at.% of Zn. At this con-

centration, a second-order transition between the c
and c0 phases exists. Details of evaluation are dis-

cussed together with the vertical section in ‘‘The c/c0

phase field’’ section. The disordered phase b is

stable at 550 �C, and it shows high solubility of Al up

to 20 at.%. e1 phase has very high solubility at almost

30 at.% of Al, close to the ternary sc. Figure 7 shows

the microstructure of a sample in the two-phase field

sc ? e1. The liquid phase is stable from Al–Zn binary

phase diagram up to 30 at.% of Cu, and it is con-

nected to the eutectic point of the Al–Cu system.

Isothermal section at 700 �C

The isothermal section of phase diagram Al–Cu–Zn

at 700 �C is presented in Fig. 2c. At this temperature,

the cubic modification of s phase is the only

remaining modification. Figure 8 shows a micro-

graph of the two-phase field sc ? L. The liquid phase

is stable from Cu-80Zn to Al-40Cu and covers the

whole Cu poor concentration range. Pseudo-ternary

e1 was found stable between c and the liquid phase.

Phase e0 has a solubility up to 5 at.% of Zn close to the

phase sc. The second-order transition between c and

c0 is found around 20 at.% Zn. The b phase exhibits a

complete solubility from Al–Cu to Cu–Zn. Figure 9

shows b phase in equilibrium with c phase.

Table 4 Comparison of phase compositions for sc and sr
determined by Rietveld refinements and EDX

Sample Phase Method at.% Al at.% Cu at.% Zn

400_13 sc EDX 32.7 47.8 19.5

Rietveld 29.9 48.5 21.6

400_46 sc EDX 30.4 49.0 20.6

Rietveld 31.6 49.0 19.4

400_86 sc EDX 28.9 49.5 21.6

Rietveld 28.8 49.5 21.7

400_11 sr EDX 48.4 41.7 9.9

Rietveld 54.2 40.0 5.8

400_34 sr EDX 50.9 40.3 8.8

Rietveld 54.9 39.8 5.3

Figure 5 XRD patterns of the Al–Cu–Zn alloy containing s
phase. a whole measured range, b central part of the pattern.

Specific peaks of si phase are circled by ellipse. Specific peaks of

sr phase are circled by square. Individual patterns were shifted on

Y axe to better visualization. Overall compositions of the samples

are following: a: 28.9 at.% Al–Cu-21.7 at.% Zn (sc); b: 32.8 at.%

Al–Cu-19.4 at.% Zn (sc); c: 35.0 at.% Al–Cu-18.9 at.% Zn (si); d:
39.9 at.% Al–Cu-15.5 at.% Zn (si); e 45.4 at.% Al–Cu-11.0 at.%

Zn (si); f 48.4 at.% Al–Cu-9.9 at.% Zn (sr).
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Isothermal section at 820 �C

The isothermal section of phase diagram Al–Cu–Zn

at 820 �C is presented in Fig. 2d. The temperature of

820 �C was chosen because at this temperature the c
phase is stable in Al–Cu as well as in the Cu–Zn

phase diagram. Figure 10 shows the microstructure

of a c ? L equilibrium. Full mutual solubility

between the two binary c phases has been expected

and was confirmed. On Al-rich part of c-family phase

field was found c0 phase with very low solubility, this

is in agreement with binary Al–Cu phase diagram.

Table 5 Crystallographic

parameters for the phase sr in
sample 400_34 obtained by

Rietveld refinement

Space group R-3 m, Pearson symbol hR30

a = 4.126569(18) Å, c = 25.19380(15) Å

Site Wyckoff Pos. x y z Occupation Beq

Cu1 3a 1/3 2/3 1/8 Cu: 1.00(14) 0.878(30)

Cu2 6c 2/3 1/3 0.030544(50) Cu: 1.00(14) 0.878(30)

Cu3 6c 0 0 0.10673(35) Cu: 0.153(20) 0.878(30)

Al1 6c 1/3 2/3 0.06919(12) Al: 0.90(11)

Zn: 0.10(11)

0.678(94)

Al2 6c 2/3 1/3 0.132822(92) Al: 1.000(94)

Zn: 0.000(94)

0.678(94)

Al3 3a 0 0 0 Al: 0.76(13) 0.678(94)

Figure 6 Microstructure of the sample 550_35 in BSE mode

consists of c and d1 phases.

Figure 7 Microstructure of the sample 550_18 in BSE mode

consists of e1 and sc phases.

Figure 8 Microstructure of the sample 700_14 in BSE mode

consists of liquid and sc phases.

Figure 9 Microstructure of the sample 700_12 in BSE mode

consists of b and c phases.
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We did not find any ternary or pseudo-ternary phase

stable at 820 �C. The e0 phase shows solubility of Zn

up to 15 at.%, and it is shown in equilibrium with c0

in Fig. 11.

The c/c0 phase field

One of the major goals of the current study was to

define the phase equilibrium relations between c
(cI52) and c0 (cP52). As mentioned in the previous

sections, a small two-phase field c ? c0 was found at

400 �C, while two different structures were identified

in different samples at 550 �C and 700 �C (see

detailed description below), but no two-phase field

was found. In order to define the c ? c0 two-phase

field better, a set of additional samples with compo-

sition close to the 15 at.% Al-49 at.% Cu–Zn was

prepared and long-term annealed at different tem-

peratures at and below 400 �C. Samples annealed at

the temperatures of 300 �C, 325 �C, 350 �C, 375 �C
and 400 �C show well-crystallized and well-sepa-

rated two phases c ? c0 in equilibrium (see

microstructure on Fig. 12a and XRD pattern Fig. 13a).

In contrast to this, samples 15.9 at.% Al-50.9 at.% Cu–

Zn annealed at 450 �C, 14.4 at.% Al-48.9 at.% Cu–Zn

annealed at 500 �C and 12.4Al-46.3Cu–Zn annealed at

550 �C contained large grains in different orientation

(see microstructure on Fig. 12b), but were found to be

homogeneous in terms of composition. Their XRD

patterns (see e.g., Fig. 13b) showed well-defined

diffraction lines of the primitive structure of c0 in

combination with a significant broadening of the

basis of all lines fulfilling the reflection conditions for

the base-centered structure. Consequently, it was

possible to refine the pattern well by assuming an

overlay of well-crystallized primitive c0 (refined

crystalline domain size 212 nm) and base-centered c
of poor crystalline quality (refined crystalline domain

size 24 nm). This leads to the conclusion that these

samples were actually single phase at the tempera-

ture of annealing and partially transformed during

quenching.

This conclusion was actually confirmed by plotting

the results from all samples into a vertical section as

shown in Fig. 14. The c0 ? c two-phase samples are

represented by the tie lines terminated by triangles

with overall composition marked by cross symbol.

The two-phase gap is getting smaller with increasing

temperature and appears to close above 400 �C.

Samples showing the characteristically broadened

XRD pattern (open squares) are situated in the single-

phase region but entered the two-phase field during

quenching. Single-phase samples showing c (dia-

mond) or c0 (full squares) without specific broadening

did not show the characteristic line broadening.

In order to confirm the proposed second-order

transition line above approximately 440 �C shown as

dashed line in Fig. 14, additional DTA experiments

were performed on four samples situated in the

respective composition area.

Measurements were performed under a permanent

Ar flow of 50 ml min-1 and with heating and cooling

rates of 5 �C min-1. Three runs were performed for

each sample; the thermal effects during the first

heating run were not taken into account. The tem-

perature of the thermal effects used was thus the

average value of the thermal effects of the second and

third heating curves only. Small differences between

the first and subsequent heating and cooling curves

are caused by changes in the shape of the sample
Figure 10 Microstructure of the sample 820_11 in BSE mode

consists of liquid and c phases.

Figure 11 Microstructure of the sample 820_1 in BSE mode

consists of e0 and c0 phases.
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following initial melting. Temperature of phase

transition in solid phase was evaluated as an onset of

peak, liquidus was evaluated as a minimum of peak.

The results of the DTA third heating and cooling

curves of the sample with composition 21.7 at.% Al-

55.4 at.% Cu–Zn is presented in Fig. 15. Signals cor-

respond to the temperature of the second-order

reaction c $ c0 at 622.2 �C (open circles on Fig. 14), to

solidus temperature at 903.8 �C (filled circles on

Fig. 14) and to the liquidus temperature at 952.2 �C
(triangles on Fig. 14). Composition of the samples

was checked after DTA measurement to ascertain

that the sample did not react with the SiO2 material of

the ampoules. Thermal analysis results are listed in

Table 3, and the transition temperatures for the c$ c0

transition are shown as open circles in Fig. 14.

The interpretation of the dashed line separating the

c and c0 phase fields as second-order reaction c$ c0 is

well in line with the observed DTA effects. It also

agrees with experimental results from binary phase

diagram Al–Cu, where authors [3, 20] proposed a

second-order transition between the primitive and

base-centered structure there.

Conclusions

Although the literature related to the Al–Cu–Zn

phase diagram is numerous, some of the complex

phase equilibria were not well solved. The current

study was designed to contribute to a better under-

standing of those parts of the phase diagram that

needed improvement and refinement. The experi-

mental studies were carried out at temperatures

400 �C, 550 �C, 700 �C and 820 �C, and some addi-

tional measurements were done also at additional

temperatures in the c ? c0 phase region. This was

achieved by a combination of standard methods:

overall and phase compositions of samples were

measured using SEM–EDX, the temperatures of

phase transitions by DTA measurements in evacu-

ated quartz glass DTA ampoules. The crystal struc-

tures were identified by XRD.

The following main results were obtained in pre-

sent study:

• Mutual relationships of c ? c0 phases were stud-

ied in whole concentration and temperature

range. Independent two-phase field of c ? c0 was

observed up to 400 �C. At higher temperature, the

phase transition c $ c0 is proposed to be second

order.

Figure 12 Micrographs in

BSE mode of a sample 350_1

with overall composition

14.9 at.% Al-48.2 at.% Cu–Zn

that had been annealed at

350 �C containing well-

crystallized phases c ? c0 in
equilibriums, b sample 450_1

(15.9 at.% Al-50.9 at.% Cu–

Zn) annealed at 450 �C
without two-phase structure.

Figure 13 XRD pattern of the alloy Al–Cu–Zn containing.

a well-crystallized phases c and c0 in the sample 14.4 at.% Al-

48.8 at.% Cu–Zn annealed at 300 �C (300_1) and b poorly

crystallized phase c in the sample 15.9 at.% Al-50.9 at.% Cu–Zn

annealed at 450 (450_1).
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• An isopleth between the binary phases c and c0

was constructed

• For the ternary phase, at 400 �C we found strongly

temperature-dependent one phase fields contain-

ing phases with cubic CsCl-type structure (sc) and

a related rhombohedral structure type (sr), respec-

tively, and an intermediate composition range

with apparently incommensurate modulation (si).

The rhombohedral structure type (sr) was not

found at 550 �C and above. At 700 �C we only

found the cubic structure modification (sr)

• Isothermal sections at 400 �C, 550 �C, 700 �C and

820 �C were constructed
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ABSTRACT

The phase diagram of the Al–Cu–Si ternary system was investigated experi-

mentally at the temperatures 600 �C and 800 �C. The current study was

designed to contribute to a better understanding of the ternary phase diagram

Al–Cu–Si at elevated temperatures, where some of the phase equilibria were

only tentatively known. It was found that the ternary phase s proposed earlier is

actually an extended solid solution of Al in the CuSi_d phase. At 700 �C, the

phase CuSi_d is stable as a pseudo ternary phase, and the existence of a sig-

nificantly extended thermal stability range in the ternary was also confirmed by

DSC measurements. In agreement with previous isothermal sections at other

temperatures, a huge solubility of aluminum in CuSi_j and negligible solubility

of Si in AlCu_b was observed.

Introduction and literature review

The ternary system Al–Cu–Si has been heavily

investigated over the last few decades due to its

importance in industry. Al–Cu–Si alloys have grow-

ing importance for automotive and aerospace

industry due to their low density and good materials

properties. The ternary Al–Cu–Si alloys show better

corrosion resistance than Al–Cu alloys and have

higher strength than Al–Si alloys [1]. Knowledge of

the complete ternary phase diagram is therefore

crucial for the designing of the ternary alloys

matching specific requirements. The Cu-rich corner

of Al–Cu–Si phase diagram and the binary subsys-

tems Cu–Si and especially Al–Cu are highly complex.

Despite various studies of phase equilibria, the

ternary phase diagram is still not fully described. The

current study was designed to contribute to the

proper description of those parts of the phase dia-

gram which are not solved in literature, or which

have lead to conflicting results from different

authors. A detailed literature review of existing phase

diagram information on Al–Cu–Si and its binary

subsystems is given below.

Al–Cu binary system

The Al–Cu phase diagram exhibits a wide range of

intermetallic phases with complex mutual relation-

ships in all regions of the phase diagram. It was

studied by many authors and several very compre-

hensive overviews have been published [2–6]. The
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detailed literature review of experimental data is

published in our previous work [6]. The binary phase

diagram is shown in Fig. 1.

The maximal solid solution of the Cu in Al is equal

to 2.5 at. % Cu at the eutectic temperature of 550 �C
[2]. The crystal structure of the h-phase was deter-

mined as having the space group I4/mcm by Havinga

[7]. Ponweiser et al. [4] studied the homogeneity

ranges of the g-family of phases by SEM–EDX and

XRD and found that the low-temperature g0-phase

extends from 51.9 at.% Cu to 54.8 at.%. The

orthorhombic g-phase is formed by peritectic reac-

tion at 620 �C. Gulay and Harbrecht [8, 9] describe

the structures of the f-family of phases with the

supposed low temperature modification f0 (Al3Cu4)

and high temperature modification f (Al3Cu4-d) in

detail. The e-family of phases exists over similar

composition range as the f-phases at medium and

high temperatures [2]. The c0 (AlCu c-brass type

structure) to d transition was addressed by the com-

bined EDX/XRD investigation and the shape of the

(c0 ? d) two-phase field was postulated from the

XRD studies of quenched samples in our previous

work [6].

Liu et al. [3] found that c crystallizes with the CuZn

c-brass type structure and exhibits second-order

transition reaction between c0 and c. The b-phase

decomposes by a eutectoid reaction to (Cu) solid

solution and the c0-phase at a temperature between

566.7 �C and it melts congruently at 1049 �C [4]. The

a’ phase, with a composition of 77.5 at.% Cu, is

stable below 363 �C [10]. The maximal solubility of Al

in Cu is 18.5 at.% at the eutectoid temperature of

566.7 �C [6].

Al–Si binary system

Murray and McAllister [11] presented the original

theoretical assessment of the Al–Si phase diagram.

Subsequently, the phase diagram of Al–Si system was

re-adjusted using newer phase stability data and

experimental results by Chakraborti and Lukas [12]

and the resulting thermodynamic assessment was

published in the scope of COST507 (cited in [13]). Al–

Si is a simple eutectic system with two solid solution

phases, FCC_A1 (Al) and diamond_A4 cubic (Si) (see

Fig. 2). The composition of the eutectic point is Al–

12.2 at.% Si and the eutectic temperature is 577 �C.

Cu–Si binary system

The Cu–Si system was investigated intensively in the

last decades due to the possible development of new

types of Li–ion batteries [14], applications in catalysis

[15] and in microelectronic research [16].

Olesinski and Abbaschian [17] published a classical

assessment of the Cu–Si phase diagram. Later, Sufryd

et al. [18] published the most recent study of Cu-rich

part of experimental phase diagram (Fig. 3).

Kaufman [19] computed the first simplified version

of the phase diagram of the Cu–Si system. A more

complex description of the Cu–Si phase diagram was

obtained by Bühler and published in COST 507

database [20]. This assessment was later improved by

Yan [21]. Hallstedt et al. [22] made a critical theoret-

ical reassessment based on the most recently pub-

lished experimental results.

Figure 1 Experimental binary phase diagram of subsystem Al–

Cu reprinted from our previous work [6].

Figure 2 Redrawn theoretical phase diagram published in scope

of COST507 [13].
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All the binary intermetallic phases exist in the Cu-

rich part of the phase diagram. The Cu3Si family of

phases consists of three different modifications with

slightly different compositions stable over different

temperature ranges. The high-temperature Cu3Si

modification is denoted as g, an intermediate-tem-

perature as g’ and low-temperature as g’’. The high-

temperature g phase melts congruently at 859 �C. A

first-order phase transformation is supposed between

all Cu3Si modifications, with two-phase fields exist-

ing between 558 �C and 620 �C for g and g’ phases,

and between 467—570 �C for g’ and g’’ phases. The

Cu3Si phases g and g’ have a rhombohedral structure

(R-3 m and R-3b, respectively). No exact information

about the crystal structure of g’’ exists, it was pro-

posed to have an orthorhombic [23] or tetragonal

symmetry [24].

The existence of the stoichiometric intermetallic

phase Cu15Si4 (e_phase) was widely discussed in the

literature [25]. The assessment by Gierlotka [26]

includes the e phase, but some older works did not

confirm the existence of this phase in the binary

equilibrium phase diagram. The existence of this

phase was firstly described by Arrhenius [27].

Experimental work [28, 29] based on diffusion-couple

experiments did not confirm the existence of e in the

stable phase diagram. But later van Loo et al. [30]

confirmed thermodynamic stability of e phase by the

diffusion-couple experiments. Sufryd et al. [18] pro-

posed that the formation of e is kinetically inhibited,

but it is thermodynamically stable in Cu–Si system.

The c-phase has cubic structure (b_Mn). According

to [18], it is formed at approx. 736 �C by a congruent

transformation, but the extent of solubility of this

phase has not yet been precisely determined. The

high temperature phase d decomposes eutectoidly at

734 and 735 �C, respectively [31]. Gierlotka modeled

the c-phase as stoichiometric being formed at 732 �C
by peritectoid reaction d ? j ? c in his theoretical

assessment [26].

The other three phases d, b and j are stable at high

temperatures. The d phase is formed by a peritectic

reaction from b and liquid at 824 �C and decomposes

at 710 �C. The b phase forms peritectically from

FCC_A1 (Cu) and liquid at 852 �C and decomposes

by eutectoid reaction at 785 �C. The b phase crystal-

lizes in the cubic W-type structure. The j phase (Mg-

type structure) is formed by a peritectoid reaction

from b and FCC_A1 (Cu) at 842 �C and decomposes

at 552 �C [32].

Al–Cu–Si ternary system

The ternary system Al–Cu–Si was first studied by

Matsuyama [33] and Hisatsune [34]. They described

the phases present in the binaries and information on

invariant ternary equilibria including the liquidus

surface projection. Lukas and Lebrun [35], who

included all relevant phase diagram information up

to that year, carried out an assessment of the phase

diagram information. They identified no ternary

intermetallic phases at that time. A theoretical

assessment of Pan et al. [1] focused on an optimiza-

tion of the thermodynamic data of the Al-rich liquid

phase. They computed a liquidus projection and

vertical sections depicting the liquid–solid equilibria

and compared these results with the experimental

data. This work was included in the review paper by

Raghavan [36]. Riani et al. [37] determined an

isothermal section at 500 �C for the whole composi-

tion range, with special attention to Cu-rich alloys.

Also He et al. [38] presented a thermodynamic

assessment of the system, supplemented by new

experimental results. Hallstedt et al. [22] published

the most recent theoretical reassessment.

Ponwieser and Richter [39], who characterized

isothermal phase equilibria at 500 �C and 700 �C and

assessed the reaction sequences in the Cu-poor part

of the ternary system did the most recent experi-

mental study of the Al–Cu–Si system. A ternary high-

temperature phase s was found to exist in the 700 �C
section. Cao et al. [40] studied the mobility of

Figure 3 Section of the copper-rich part of the Cu–Si phase

diagram [18].

J Mater Sci



elements in FCC_A1 alloys. A list of all phases pre-

sent in the ternary system is given in Table 1.

Experimental

The overall compositions of experimental samples

were selected in order to describe isothermal sections

of Al–Cu–Si phase diagram at temperatures 600 �C
and 800 �C. Our work focuses mainly on the Cu-rich

part of the isothermal section, which is the most

complex area. The prepared samples were analyzed

and characterized by different static and dynamic

analytical methods (SEM–EDX, DSC, XRD).

Sample preparation

Samples were prepared from pure elements of purity

5 N for Al and Cu and 6 N for Si. Any oxide present

in the copper was reduced by keeping it in H2 gas

flow at 300 �C for 3 h. Samples were then arc melted

on a water-cooled copper plate under a low-pressure

Ar atmosphere using pure Zr as the getter. The alloys

were re-melted several times in order to improve the

homogenization of the material. Long-term annealing

of the samples was performed at selected tempera-

tures on material sealed in evacuated quartz glass

ampoules. To prevent reaction of liquid Al with the

SiO2 from quartz glass, the samples with high content

of Al-rich liquid were placed inside corundum

Table 1 Stable phases in Al–Cu–Si ternary system

Phase name (this

work)

Common names Pearson

symbol

Structure prototype T. range (�C) Comments, references

a (Al) FCC_A1, Al cF4 Cu B 660.5

a (Cu) FCC_A1, Cu cF4 Cu B 1083

a (Si) Diamond_A4,

Si

cF8 Si B 1413.9

AlCu_h h, Al2Cu tI12 Al2Cu B 590.5 [6]

AlCu_g g1, Eta HT oP16/oC16 n.a. 573.9–624.5 [6]

AlCu_g0 g2, Eta LT mC20 AlCu B 574.5 [6]

AlCu_f f2, Al3Cu4-d Imm2 Al3Cu4-d 373–597 [6]

AlCu_f0 f1, Al3Cu4 Fmm2 Al3Cu4 min. 300 –

560.5

[6]

AlCu_e e1, epsilon HT cubic? n.a. 959–846 [6]

AlCu_e0 e2, epsilon LT hP4 NiAs 846–568.5 [6]

AlCu_d d, Al5Cu8 hR52 Al4Cu9 (r) B 680 [6]

AlCu_c c0, c_CuZn,
c_brass

cI52 Cu5Zn8 991–779.6 [6]

AlCu_c0 c1, c_AlCu,
c_D83

cP52 Al4Cu9 B 873.5 [6]

AlCu_b BCC_A2 cI2 W 1052–566.7 Forms a continuous solution with

CuSi_b [6]

AlCu_a0 a2, alpha_LT n.a. Super structure based on

TiAl3

B 360 [6]

CuSi_j Cu7Si hP2 Mg 552–842 [31]

CuSi_b BCC_A2 cI2 W 785–852 Forms a continuous solution with

AlCu_b [31]

CuSi_c Cu5Si cP20 b-Mn B 729 [31]

CuSi_d Cu5Si_HT t** ** 711–824 [31]

CuSi_e Cu15Si4 cI76 e_CuSi B 800 [25]

CuSi_g Cu3Si_HT hR* ** 859–558 [23]

CuSi_g0 Cu3Si_MT hR9 g’_CuSi 620–467 [23]

CuSi_g00 Cu3Si_LT oC* ** \ 570 [31]

**Not known
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crucibles. These crucibles with samples were sealed

in evacuated quartz glass ampoules. A conventional

tube furnace was used for the heat treatment. Sam-

ples were quenched into cold water from their

annealing temperatures. Annealing times and tem-

peratures were selected with the aim of obtaining

states close to thermodynamic equilibrium.

Experimental phase diagram investigation

A combination of dynamic and static methods was

used for investigation of the phase diagram. Phase

equilibria, microstructure and chemical analysis of

phases and overall compositions were performed by

using scanning electron microscopy combined with

energy dispersive X-ray spectroscopy (SEM–EDX),

employing either a Zeiss Supra 55 VP instrument

equipped with an energy dispersive detector for

quantitative analysis or a similarly equipped SEM

JEOL JSM-6460. Identification of phases present in

the long-term annealed samples was achieved using

X-ray powder diffraction. A Bruker D8 Diffractome-

ter equipped with a high-speed position sensitive

(PSD) detector (Lynxeye) was used in the h/2h
reflection setting. Rietveld refinements of selected

diffraction patterns were performed with the Topas

software [41]. Annealing temperature of the sample,

overall composition, coexisting phases and phase

compositions of the specific phases in equilibrium are

listed in Table 2. Annealing temperature and number

of the sample are listed in column 1 and the anneal-

ing time is shown in column 2. Column 3 shows the

overall composition measured by SEM–EDX. Coex-

isting phases stable in the samples are listed in col-

umn 4; column 5–7 show the composition of

equilibrium phases existing in the samples measured

by SEM–EDX in same order as the phases are men-

tioned in column 4.

Phase transition temperatures were measured

using a high-temperature DSC heat flow (NETZSCH

Pegasus 404 C) in corundum crucibles with lid under

the inert atmosphere of Ar 5 N with flow

50 ml min-1. Heating and cooling rate was

10 K min-1.The DSC was calibrated using a set of

pure metal standards having well-defined melting

temperatures (Sn, Bi, Al, Cu, Ag, Au). Calibration

was carried out under the same conditions as the

experimental measurements. Three heating and

cooling runs were performed for each sample. Ther-

mal analysis results are listed in Table 3.

Results and discussion

By combining experimental results listed in Table 2, it

was possible to propose isothermal sections of tern-

ary phase diagram Al–Cu–Si at 600 �C and 800 �C.

The isothermal section at 700 �C is redrawn from

Ponweiser and Richter [39] with some corrections.

Overall compositions of selected samples are repre-

sented by several symbols in our phase diagrams.

Stars represent the samples located in the single-

phase field. Squares are the overall composition of

the samples containing two phases in equilibrium.

Compositions of each phase and relevant tie-lines are

not shown as the figure would be very difficult to

read. Triangles represent the overall composition of

the samples containing three phases in equilibrium.

Phase compositions are defined by the position of

corners of the tie-triangle. The shape of the phase

boundaries and phase fields not defined by our own

samples were drawn based on information from

binary subsystems and phase rules.

Isothermal sections at 600 �C

The isothermal section of phase diagram Al–Cu–Si at

600 �C is shown in Fig. 4. The phases CuSi_g/g0

show solubility up to 2 at.% of Al, phases CuSi_c and

CuSi_e (Fig. 5) have very limited solubility (up to 1

at.% Al). In contrast, the phase CuSi_j (Fig. 6) has the

highest Al solubility extending almost to the Al–Cu

binary side of the ternary phase diagram Al–Cu–Si.

The solubility of Al in a (Cu) solid solution reaches 20

at.%. The Al–Cu_b phase exhibits very small solu-

bility of Si. In the theoretically assessed phase dia-

gram published by Hallstedt et al. [22], the AlCu_b
phase dissolves up to 3 at.% Si. This was not con-

firmed experimentally—in this part of the phase

diagram, the CuSi_j phase is still stable according to

our results. Also the phase AlCu_c is very stable and

shows solubility of Si up to 17 at.% Si. The phases

AlCu_d, AlCu_e and AlCu_g have negligible solu-

bility of Si. The liquid phase field extends continu-

ously from Al–Cu part to the Al–Si part above the

relevant eutectic points, in agreement with binary

phase diagrams.

Isothermal sections at 700 �C

Figure 7 shows the redrawn isothermal section at

700 �C published by Ponweiser and Richter [39] with
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Table 2 Chemical composition of the long-term annealed representative sample (measured by EDX)

T (�C)
no.

Annealed

time (h)

Overall

composition

(at.%)

Coexist. phases

Phase 1 ? 2 ? 3

Phase 1 (at.%) Phase 2 (at.%) Phase 3 (at.%)

Al Si Cu Al Si Cu Al Si Cu Al Si Cu

600_1 480 1.0 21.3 77.7 CuSi_e ? CuSi_g 0.6 22.4 77.0 1.9 23.0 75.1 – – –

600_2 480 1.3 19.2 79.5 CuSi_j ? CuSi_e 6.5 11.3 82.2 1.0 21.4 77.6 – – –

600_3 480 4.1 17.4 78.5 CuSi_j ? AlCu_c ? CuSi_e 10.6 10.7 78.7 8.9 14.4 76.7 1.5 21.5 77.0

600_4 480 4.8 17.6 77.6 AlCu_c ? CuSi_e 8.5 14.7 76.8 1.4 21.2 77.4 – – –

600_5 480 7.5 17.1 75.4 AlCu_c ? CuSi_g 15.0 11.9 73.1 3.5 21.6 74.9 – – –

600_6 480 14.2 12.3 73.5 AlCu_c ? CuSi_g 15.2 11.2 73.6 3.1 21.7 75.2 – – –

600_7 480 1.6 14.8 83.6 CuSi_j ? CuSi_c 3.5 12.9 83.6 1.2 17.7 81.1 – – –

600_8 480 4.6 14.0 81.4 CuSi_j ? CuSi_e 6.4 11.1 82.5 0.8 22.0 77.2 – – –

600_9 480 6.2 13.4 80.4 CuSi_j ? CuSi_e 8.1 11.2 80.7 1.2 21.0 77.8 – – –

600_10 480 8.6 12.0 79.4 AlCu_c ? CuSi_g 14.0 11.7 74.3 * * * – – –

600_11 480 17.5 7.4 75.1 CuSi_j ? AlCu_c 15.2 6.8 78.0 18.5 8.2 73.3 – – –

600_12 480 9.3 12.4 78.3 CuSi_j ? CuSi_e 10.2 11.7 78.1 1.3 22.1 76.6 – – –

600_13 480 26.5 3.9 69.6 AlCu_c 26.5 3.9 69.6 – – – – – –

600_14 480 18.2 3.5 78.3 Cu ? CuSi_j 15.2 2.3 82.5 18.9 3.7 77.4 – – –

600_15 480 28.1 1.5 70.4 CuSi_j ? AlCu_c 23.2 1.9 74.9 29.3 1.3 69.4 – – –

600_16 480 9.0 8.3 82.7 CuSi_j 9.0 8.3 82.7 – – – – – –

600_17 480 8.6 13.7 77.7 CuSi_j ? AlCu_c 9.8 12.9 77.3 8.0 15.7 76.3 – – –

600_22 420 11.2 17.8 71.0 CuSi_g ? AlCu_c ? Si 18.7 10.6 70.7 2.5 25.8 71.7 0.0 100.0 0.0

600_23 420 17.0 14.0 69.0 CuSi_g ? AlCu_c ? Si 18.0 10.7 71.3 2.1 25.8 72.1 0.0 100.0 0.0

600_25 420 21.6 12.9 65.5 AlCu_c ? Si 23.7 6.7 69.6 0.0 100.0 0.0 – – –

600_26 420 19.5 1.3 79.2 Cu ? CuSi_j 17.9 1.2 80.9 20.9 1.6 77.5 – – –

600_27 420 5.9 18.6 75.5 CuSi_e ? CuSi_g ? AlCu_c 1.3 21.4 77.3 4.5 20.6 74.9 11.3 14.0 74.7

600_28 420 19.4 6.4 74.2 CuSi_j ? AlCu_c 18.2 5.0 76.8 20.6 7.1 72.3

600_30 420 33.1 16.5 50.4 AlCu_d ? AlCu_e ? Si 39.8 0.3 59.9 41.8 0.2 58.0 0.0 100.0 0.0

600_31 420 54.0 4.4 41.6 AlCu_g ? Liquid 46.7 0.0 53.3 61.0 9.1 29.9 – – –

600_32 420 59.1 7.0 33.9 AlCu_g ? Liquid 46.3 0.1 53.6 60.7 8.4 30.9 – – –

600_33 420 15.7 8.1 76.2 CuSi_j ? AlCu_c 14.0 8.1 77.9 17.3 9.0 73.7 – – –

600_34 420 12.2 8.9 78.9 CuSi_j 12.2 8.9 78.9 – – – – – –

600_35 420 9.4 36.9 53.7 CuSi_g ? AlCu_c ? Si 2.4 25.5 72.1 18.6 10.5 70.9 0.0 100.0 0.0

600_36 420 7.4 7.8 84.8 CuSi_j ? Cu 7.5 7.5 85.0 7.4 9.5 83.1 – – –

600_38 420 3.8 11.3 84.9 CuSi_j 3.8 11.3 84.9 – – – – – –

600_39 420 10.5 6.5 83.0 Cu ? CuSi_j 11.0 6.6 82.4 * * * – – –

600_40 420 10.8 15.2 74.0 CuSi_g ? AlCu_c 3.9 20.6 75.5 13.0 12.5 74.5 – – –

800_1 350 1.9 22.0 76.1 CuSi_d ? CuSi_g 3.2 18.4 78.4 1.7 22.5 75.8 – – –

800_2 350 1.8 19.2 79.0 CuSi_d ? CuSi_g 1.8 18.7 79.5 1.3 21.8 76.9 – – –

800_4 350 3.3 20.5 76.2 CuSi_d ? CuSi_g 5.2 17.5 77.3 2.0 22.2 75.8 – – –

800_6 350 14.9 11.9 73.2 AlCu_c 14.9 11.9 73.2 – – – – – –

800_7 350 2.4 15.0 82.6 CuSi_j ? CuSi_d 2.3 13.9 83.8 2.1 17.5 80.4 – – –

800_8 350 4.8 14.4 80.8 CuSi_j ? CuSi_d 5.1 13.3 81.6 4.2 16.2 79.6 – – –

800_9 350 7.0 13.7 79.3 CuSi_j ? CuSi_d 8.0 11.5 80.5 6.1 15.7 78.2 – – –

800_10 350 9.2 12.6 78.2 CuSi_j ? CuSi_d 10.1 10.5 79.4 8.1 14.4 77.5 – – –

800_13 350 22.6 3.3 74.1 CuSi_j ? AlCu_c 22.0 2.8 75.2 23.7 3.7 72.6 – – –

800_20 350 15.3 6.0 78.7 CuSi_j 15.3 6.0 78.7 – – – – – –

800_26 370 18.6 1.0 80.4 Cu ? CuSi_j 17.3 0.8 81.9 20.2 2.1 77.7 – – –

800_28 370 19.4 6.0 74.6 CuSi_j ? AlCu_c 18.4 5.1 76.5 20.8 6.8 72.4 – – –

800_34 370 12.5 9.2 78.3 CuSi_j 12.5 9.2 78.3 – – – – – –

800_40 370 11.7 14.3 74.0 AlCu_c 11.7 14.3 74.0 – – – – – –
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necessary improvements stemming from our new

experimental results. Phase AlCu_b, which is still

stable in binary phase diagram Al–Cu at this tem-

perature was added to the isothermal section, and the

relevant two- and three-phase fields are included in

the figure. The ternary phase s proposed by Pon-

weiser and Richter [39] is re-interpreted to be the

pseudo-ternary CuSi_d phase field which is stabilized

to lower temperatures by Al substitution. This inter-

pretation is based on our experimental findings at

800 �C discussed in ‘‘Isothermal sections at 800 �C
and The CuSi_d phase field’’ sections. The three-

phase field (CuSi_ d ? CuSi_e ? Al–Cu_ c), missing

in [39] was also added.

Isothermal sections at 800 �C

Experimental isothermal section of ternary phase

diagram Al–Cu–Si at 800 �C is presented in Fig. 8. At

this temperature, the phase CuSi_g exhibits a solu-

bility of up to 3% Al and the phase CuSi_d exhibits an

Al-solubility up to 7.5 at.% Al. Experimental results

on this particular phase are described in more detail

in the ‘‘The CuSi_d phase field’’ section. Similar to the

sections at 600 and 700 �C, CuSi_j exhibits a pro-

tracted homogenous phase field extending almost to

the Al–Cu binary border of the diagram (see Fig. 9).

The phase AlCu_b has negligible solubility of Si. This

finding contradicts to the presumption of the theo-

retical modeling of phase diagram [22]. The phase

AlCu_c (see Fig. 10) extends far into the ternary

system and shows a Si-solubility of up to 23 at.%.

The CuSi_d phase field

One of the major goals of the current study was to

describe the s-phase reported in [39] at higher tem-

perature. As shown in Fig. 8, this composition area

Table 2 continued

T (�C)
no.

Annealed

time (h)

Overall

composition

(at.%)

Coexist. phases

Phase 1 ? 2 ? 3

Phase 1 (at.%) Phase 2 (at.%) Phase 3 (at.%)

Al Si Cu Al Si Cu Al Si Cu Al Si Cu

800_42 370 0.3 20.2 79.5 CuSi_d 0.3 20.2 79.5 – – – – – –

800_43 370 1.5 20.8 77.7 CuSi_d 1.5 20.8 77.7 – – – – – –

800_44 370 2.9 18.9 78.2 CuSi_d ? CuSi_g 2.3 19.4 78.3 2.0 21.6 76.4 – – –

800_45 370 4.9 17.7 77.4 CuSi_d 4.9 17.7 77.4 – – – – – –

800_46 370 4.0 18.1 77.9 CuSi_d 4.0 18.1 77.9 – – – – – –

800_47 370 5.9 17.9 76.2 CuSi_d 5.9 17.9 76.2 – – – – – –

800_48 370 6.0 18.3 75.7 CuSi_d 6.0 18.3 75.7 – – – – – –

800_49 370 6.3 16.8 76.9 CuSi_d 6.3 16.8 76.9 – – – – – –

*Not measured

Table 3 Temperature of

equilibrium phase transitions

measured by DSC visualized

in Fig. 14

T (�C) no. Nominal comp. (at.%) Thermal effects (heating) (�C)

Al Si Cu Liquidus Solidus Other effects Non-equilibrium

800_42 0.3 20.2 79.4 840 819 731 359; 796

800_43 1.5 20.8 77.7 836 821 665; 718 387; 780

800_2 1.8 19.3 79.0 834 818 639; 714 390; 783

800_46 4.0 18.1 77.9 839 821 685 591

800_45 4.9 17.7 77.4 843 819 678 –

800_49 6.3 16.8 76.9 850 822 672 –

Overall composition of sample lies in line between binary points Cu-18 at.% Si and Cu-35 at.% Al
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turned out to be part of the extended CuSi_d phase-

field at 800�. This implies that the ternary stability

island reported at 700 �C (Fig. 7) is part of this phase

field, not a true ternary phase. The shape of the

homogeneous phase field of CuSi_d was studied by a

set of samples analyzed by SEM, EDX and DSC. XRD

was used to confirm the proposed single-phase field.

Figure 11a and Fig. 11b show the XRD patterns of

single-phase samples with composition of Al

between 0.7 at.% Al and 6.3 at.% Al annealed at

800 �C (800_43, 800_46, 800_45, 800_49). These pat-

terns agree very well with each other and vary con-

tinuously with the composition, which strongly

indicates continuity. The diffraction pattern is quite

complex, and so it was impossible to determine the

structure from the patterns. The structure of binary

phase CuSi_d is not known because it is

Figure 4 Isothermal section of phase diagram Al–Cu–Si at

600 �C a in whole concentration range and b Cu-rich corner. Stars

represent the samples located in the single-phase field. Squares are

the overall composition of the samples containing two phases in

equilibrium. Triangles represent the overall composition of the

samples containing three phases in equilibrium.

Figure 5 Microstructure of the sample 600_8 in BSE mode

consisting of CuSi_e and CuSi_j phases.

Figure 6 Microstructure of the sample 600_15 in BSE mode

consisting of CuSi_j and AlCu_c phases.

Figure 7 Redrawn and improved isothermal section of phase

diagram Al–Cu–Si at 700 �C based on data from [39].
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unquenchable. It is interesting, that the addition of

relative small amounts of Al sufficiently stabilizes

CuSi_d to make it quenchable. This gives rise for

some hope to solve the crystal structure of (ternary

stabilized) CuSi_d in future. Up to now, however, we

were not able to find a single crystal of sufficient

quality for structure determination.

Sample 6.3Al–Cu–16.8Si (800_49) was measured by

DSC to determine the temperature stability of CuSi_d
phase (see Fig. 12). The DSC curves indicates that the

CuSi_d phase is stable in the temperature range

672–848 �C as there is no other phase transition in

this interval. We therefore conclude, that the s-phase

reported at 700 �C [39] is identical with the Al-stabi-

lized ternary CuSi_d phase. The eutectoid decompo-

sition of s reported there (E2: s ? e ? c ? j,

500\T\ 700 [39]) is consequently corrected. It is

actually E2: d ? e ? c ? j at (approximately)

T = 672 �C. The CuSi_d phase with this particular

composition (6.3Al–Cu–16.8Si) was found to melt

between 822 (solvus) and 850 �C (liquidus) according

to Fig. 12.

Figure 13 shows the heating DSC curve of sample

0.3Al–Cu–20.2Si (800_42) annealed at 800 �C. The

exothermic peak at 359 �C is the transition of CuSi_d
phase, which is metastable at this temperature, to the

corresponding equilibrium phase composition.

CuSi_d phase is re-formed at 731 �C. The non-in-

variant effect at temperature 796 �C is most likely

connected with the decomposition of CuSi_e formed

in the initial exothermal reaction. Solidus of CuSi_d is

described by onset of the last peak at 819 �C and the

peak minimum at 840 �C represents the liquidus

temperature. Results of the equilibrium thermal

effects for six samples are listed in Table 3.

A combination of the isothermal sections (Figs. 7,

8) and the equilibrium DSC results was used for the

construction of tentative vertical section of phase

diagram. It is shown in Fig. 14 with superimposed

experimental data. Triangles represent liquidus tem-

perature, squares the other equilibrium phase tran-

sitions obtained by DSC measurement. Filled circles

represent overall composition of long-term annealed

single-phase CuSi_d samples. Solid lines are experi-

mentally described phase field borders, dashed line

represent estimated phase field borders. Results

show a remarkably constant melting point of the

ternary CuSi_d phase field in combination with a

significant stabilization toward lower temperature

with increasing Al content.

Figure 8 Isothermal section of the phase diagram Al–Cu–Si at

800 �C. Stars represent the samples located in the single-phase

field. Squares are the overall composition of the samples

containing two phases in equilibrium. Triangles represent the

overall composition of the samples containing three phases in

equilibrium.

Figure 9 Microstructure of the sample 800_9 in BSE mode

consist of CuSi_j and CuSi_d phases.

Figure 10 Microstructure of the sample 800_28 in BSE mode

consist of CuSi_j and AlCu_c phases.
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Conclusion

Although literature relating to the Al–Cu–Si phase

diagram is numerous, some of the phase equilibria

were not well-defined. The current study was

designed to contribute to the understanding of high-

temperature equilibria, which were not defined sat-

isfactorily up to now. This was achieved by a com-

bination of standard methods: overall and phase

compositions of samples were measured using SEM–

EDX, the temperature of phase transitions by DSC.

The crystal structures were identified by XRD. The

experimental studies were carried out at tempera-

tures 600 and 800 �C and some additional measure-

ments at additional temperatures were performed in

the CuSi_d region. Isothermal sections at 600 �C and

800 �C were constructed and the published phase

diagram at 700 �C [39] was corrected to agree with

Figure 11 XRD patterns of set of homogeneous samples in phase

region CuSi_d. a In whole measured range, b in central part of

pattern with the main peak. Individual patterns are shifted on

Y axis for better visualization. Composition of samples are

following: I. 0.7Al–Cu–19.9Si (800_43); II. 4.0Al–Cu–18.2Si

(800_46); III. 4.9Al–Cu–17.7Si (800_45); IV. 6.3Al–Cu–16.8Si

(800_49).

Figure 12 Heating DSC

curve of sample 6.3Al–Cu–

16.8Si (800_49). Measurement

condition: heating rate

10 K min-1, inert atmosphere

5 N Ar 50 ml min-1,

corundum crucible with the

lid.

Figure 13 Heating DSC

curve of sample 0.3Al–Cu–

20.2Si (800_42). Measurement

condition: heating rate

10 K min-1, inert atmosphere

5 N Ar 50 ml min-1,

corundum crucible with the

lid.
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the binary Al–Cu phase diagram and our new

experimental results. More detailed study of CuSi_d
phase structure and its temperature stability and also

more detailed investigation of liquidus surface are

the most urgent tasks for future experimental studies.

Nevertheless, presented data should be sufficient for

a thermodynamic modelling of the Al–Cu–Si phase

diagram, and the question about stability of CuSi_d
phase and primary solidification fields of the liquidus

surface might be predicted.
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2 Institut für Anorganische Chemie – funktionelle Materialien, Universität Wien, Währinger Straße 42, 1090 Vienna, Austria

Received: 15 May 2020

Accepted: 2 October 2020

Published online:

27 October 2020

� Springer Science+Business

Media, LLC, part of Springer

Nature 2020

ABSTRACT

The Al–Cu binary system has been investigated intensively in the past as key

binary system for many important industrial alloys. With respect to new

experimental results about phase equilibria in Al–Cu system, it was found

necessary to prepare new CALPHAD-type thermodynamic description of the

Al–Cu system. In course of this work, the known crystallography of several

intermetallic phases and the information about site occupations in particular

crystallographic positions were implemented in the new thermodynamic phase

descriptions. The intermetallic phases were furthermore modelled with all their

different temperature modifications. Very good agreement with the experi-

mental results was reached both, for the Al–Cu phase diagram and for the

calculated thermodynamic properties, namely the enthalpy of mixing, enthal-

pies of formation and thermodynamic activities.

Introduction

Phase diagrams are important for the development of

new materials and the study of their properties.

Detailed knowledge about the coexistence and sta-

bility of phases in stable or metastable equilibrium

significantly rationalizes such design and consequent

development of requested materials properties.

Phase diagrams are important also for other fields of

science and engineering, e.g. for the prediction of

materials properties. As experimental studies of

multicomponent phase diagrams are very time

consuming and the extent of experimental work

might be overwhelming, the theoretical modelling of

multicomponent phase diagrams is very useful tool

for the materials development. Robust and reliable

thermodynamic description of basic binary systems is

crucial for the modelling of multicomponent system.

With respect to the new experimental results about

phase equilibria in Al–Cu system that were presented

in our previous work [1], it was found necessary to

prepare a new CALPHAD (CALculation of PHAse

Diagram)-type thermodynamic description of the Al–

Cu system. The experimental phase diagram pre-

sented by [1] is shown in Fig. 1.
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The Al–Cu binary system has been investigated

intensively as key binary system for many Al–based,

Cu–based and dural alloys. The first thermodynamic

description of Al–Cu system was done by Kaufman

et al. [2]. Later, further work on improvement of the

of Al–Cu phase diagram and the development of a

more accurate thermodynamic description was based

on the comprehensive work of Murray [3], who

presented very detailed overview of existing experi-

mental data and combined this with own calcula-

tions. Further progress in the field of modelling was

presented by Chen et al. [4]; nevertheless, the

assessment of Al–Cu system carried out by Saunders

[5] and published in the public COST507 database

has been most widely used and accepted in many

multicomponent databases later on. The thermody-

namic descriptions of the liquid and c-brass family of

phases were later reassessed by Witusiewicz et al. [6].

The most recent reassessment was carried out by

Liang and Schmid–Fetzer [7], who based their work

on the assessment of Murray [3] and the experimental

results of Ponweiser et al. [8]. They used a new model

for the c- and c0-phases, partially new crystal struc-

ture data and extended the description with infor-

mation about the g/g0-phase transition and a

thermodynamic modelling of the a0 phase. Figure 2a

shows the differences in the modelling of the inter-

metallic phases described by Witusiewicz et al. [6], in

comparison with Liang and Schmid–Fetzer [7]. The

comparison of the thermodynamic assessment of

Liang and Schmid-Fetzer together with the experi-

mental data from [1, 8] is shown in Fig. 2b.

It is clear from Figs. 1 and 2a, b that the main

uncertainties exist, especially in the region between

50 and 70 at% Cu, where the phase relations are very

complex with many phases existing in several mod-

ifications. This part of the diagram was therefore inFigure 1 New experimental phase diagram from Zobac et al. [1],

based on experimental results from their paper and from previous

work of Ponweiser et al. [8].

Figure 2 a Comparison of the calculated phase diagrams from

Witusiewicz et al. [6] (dashed lines) and Liang and Schmid-Fetzer

[7] (full lines), b comparison of the calculated phase diagram from

[7] and experimental results from [1] and [8] (white up-pointing

triangle, white down-pointing triangle—DSC signal for liquid on

heating and cooling [1], bold circle—DSC signal for invariant

reaction [1], white diamond—other DSC signals [1], black three

pointed star—DSC signals [8], bold square—phase boundaries

according to SEM/EDX measurements [1, 8]).
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details studied in the paper [1], and this results were

the basis for the system reassessment.

Al–Cu thermodynamic modelling

Available experimental information

The system was studied experimentally by many

teams, and the first detailed assessment of experi-

mental results was carried out by Murray [3], who

analysed the results from many papers dealing with

this system. An extensive list of more than 200 papers

is presented in her study. Since then, two other

important experimental assessments were carried out

by [8] and by the authors of this assessment [1]. The

detailed study of the Al–Cu phase diagram carried

out by Ponweiser et al. [8], using newer studies and

their own extensive DSC/DTA (differential scanning

calorimetry) and X-ray measurements, is in reason-

ably good agreement with the assessment of [3].

Nevertheless, the Al–Cu phase diagram is very

complex containing many complex intermetallic

phases, some of them with different temperature

modifications and there were still several concentra-

tion and temperature regions which have not yet

been solved completely. Also, the character of some

of the complex phase equilibria was not well descri-

bed. The recently published experimental paper [1]

was designed to contribute to a better description of

those parts of the phase diagram.

DSC/DTA, SEM–EDX and X-ray powder diffrac-

tion measurements were combined in [1], and main

attention was given to those unsolved problems. The

melting behaviour of the h phase was studied, and

the peritectic character of the relevant invariant

reaction was confirmed in agreement with the results

of Goedecke and Sommer [9]. A congruent solidifi-

cation of the h phase was found being metastable as

proposed in [9]. Furthermore, the DSC signals at

approx. 327 �C and 55% of Cu were found in the

study [1]. The position of the signal corresponds quite

well to the temperature where Gulay and Harbrecht

observed the decomposition of the HT-f-phase in

their study [10]. The existence of HT and LT versions

of f-phases is the simplest explanation of this signal.

Consequently, the temperature stability of the HT f-

phase was re-evaluated and was found to lie in the

range 373–587 �C and the LT f0-phase is supposed to

exist from the room temperature to 560.5 �C. The

phase boundaries of the two-phase field c0 ? e0 were

experimentally defined. The difficulties in defining

the c0/d transition were addressed by a combined

EDX/XRD investigation of more than ten samples

that were annealed in the temperature range

500–750 �C. Like in the previous studies, it was not

possible to determine the two-phase field between

the c0- and d-phases directly, but the shape of the

(c0 ? d) two-phase field was determined from the

XRD studies of quenched samples. The temperature

of the ordering reaction c $ c0(b) was experimentally

determined to be 779.6 �C. The DSC/DTA measure-

ments confirmed very good agreement with other

parts of the Al–Cu phase diagram determined in

previous descriptions [3, 8]. The experimental phase

diagram obtained in the scope of [1] study is shown

in the Fig. 1.

Thermodynamic data were measured by many

different authors. The enthalpy of mixing was mea-

sured for the temperatures between 1084 and 1317 �C
by several authors [11–17], and the thermodynamic

activities of Al and Cu were measured in the tem-

perature interval 700–1200 �C in [18–24], and the

enthalpies of formation were studied in [25–28].

Detailed information was presented in the paper of

[7]; only the most important papers are mentioned

here.

The source of key experimental information used

in the theoretical assessment is summarized in the

Table 1, and the basic information about crystal

structures is shown in the Table 2.

Thermodynamic modelling

The CALPHAD approach [29, 30] was used for

thermodynamic modelling and calculation of phase

diagrams. The compositions of phases in equilibrium

correspond to the minimum total Gibbs energy of a

closed system at constant temperature and pressure.

Calculations were done using Thermo-Calc [31] and

Pandat [32] software which solve the constrained

minimization problem to determine the set of non-

negative amount of individual components in equi-

librium phases. The Gibbs energies are considered

relative to the stable element reference state (SER).

The solution phases

The Gibbs energy of the liquid was modelled using a

substitutional model with one sublattice. The molar

3432 J Mater Sci (2021) 56:3430–3443



Gibbs energy of the liquid (and solid solution gen-

erally) can be considered as the sum of different

contributions:

Gu
m ¼

Xn

i¼1

xi � 0Gu
i þ RT �

Xn

i¼1

xi � ln xið Þ þ EGu ð1Þ

where first term is the molar reference Gibbs energy

consisting of the weighted sum of the Gibbs energies

of constituents i in the crystallographic structure

identical to the phase u relative to the chosen refer-

ence state.

The temperature dependence of the Gibbs energy

of the pure constituent i is expressed by the

polynomial

Gu
i ¼ aþ b � T þ c � T ln Tð Þ þ d1 � T2 þ d2 � T3 þ d4 � T�1

þ � � �
ð2Þ

where a, b, c, and the di are adjustable coefficients.

The second term of Eq. (1) is the contribution to the

Gibbs energy from the ideal mixing of the con-

stituents on the crystal lattice or in the liquid, where

n is the number of constituents.

Third term, the excess Gibbs energy EGu, describes

the influence of the non-ideal behaviour of the system

on the thermodynamic properties of the phase and is

given by the Redlich–Kister–Muggianu formalism

[33]

EGu
m ¼

Xn

i; j ¼ 1
i 6¼ j

xi � xj �
Xm

z¼0

zLðxi � xjÞz ð3Þ

where zL is the temperature dependent interaction

parameters, describing the mutual interaction

between constituents i and j. Their temperature

dependence is defined as:

L Tð Þ ¼ aþ b � T þ c � T ln Tð Þ ð4Þ

The fcc_A1 (Al) and (Cu) and bcc_A2 (b and maybe

e phases) can be considered as substitutional solid

solution phases. Nevertheless, it is more convenient

to model them as an interstitial solid solution, using

two sublattices (Al,Cu)1(Va)3, the first one being

occupied by metal atoms, the second one by hypo-

thetical interstitial atoms (where appropriate) and

structural vacancies (Va). This model is used to

remain consistent with assessments of other fcc_A1

and bcc_A2 containing systems where interstitials

have to be included. In the present case, the second

sublattice contains only vacancies, and the model

behaves like the substitutional model described

above. The solubility of the other elements in termi-

nal fcc solid solution is moderate for Cu in Al and

very large (almost 20 at%) for Al in Cu. There is also

significant solubility region for the b-phase (bcc). The

e-phase with a solubility of several at% is also mod-

elled with the (bcc) model.

Intermetallic phases

The Al–Cu system contains many intermetallic pha-

ses, which differ in the extent of solubility and com-

plexity of the crystal structure (see Table 2).

The compound energy formalism is used for the

modelling of intermetallic phases in the system. Only

basic principles for the case of two sublattices are

shown here, the details of this approach can be

found, e.g. in [29].

The reference Gibbs energy equivalent to the

Eq. (1) for such a model is given as:

Gu
ref ¼

X1

i;j

yi � 2yj � 0Gi:j; i; j ¼ Al;Cu;Va ð5Þ

Table 1 Experimental information included into this CALPHAD-type assessment

Complete Al–Cu phase diagram Assessment of exp. results Murray [3]

Complete Al–Cu phase diagram DSC/DTA, X-ray, SEM Ponweiser et al. [8]

Complete Al–Cu phase diagram DSC, X-ray, SEM Zobac et al. [1]

Al2Cu phase region Character of inv. reaction Goedecke and Sommer [9]

f (Al3Cu4), f0 (Al3Cu4-d) Cryst. structure Gulay and Harbrecht [10, 34]

g0 Range of stability El-Boragy et al. [38]

Enthalpy of mixing of the liquid phase Temp. range 1084–1317 �C Various authors [11–17]

Activity of elements Temp. range 700-–200 �C Various authors [18–24]

Enthalpy of formation of solid phases Temp. range 20–500 �C Various authors [25–28]
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where the pyi terms are the site fractions of each

constituent in the respective sublattice p (1 or 2). The

term G(i:j) describes the Gibbs energy of formation of

the so-called ‘‘end member’’ i:j, or the Gibbs energy of

pure element i in the crystallographic structure u if

both sublattices are occupied by the same compo-

nent. Typically only few of the end member com-

pounds exist, but Gibbs energy data for all end

members are necessary for the theoretical modelling.

The ideal mixing term is given by

Gu
id ¼

X2

p¼1

fp �
Xn

i¼1

pyi � ln pyi
� �

ð6Þ

where fp is the stoichiometric coefficient for a sub-

lattice p and the second sum describes the effect of

the ideal mixing within the sublattice p, similarly as

in the Eq. (1).

Table 2 Stable intermetallic phases in Al–Cu binary phase diagram

Phase

name

Other common

names

Pearson

symbol

Structure type T range (�C) Composition and temp. range (at% Cu)

Min Max Max at

T [�C]
References

(Al) FCC_A1 cF4 Cu B 660.5 0 2.48 548.2 [3]

h h
Al2Cu

tI12 Al2Cu B 591 32.1 32.6 549 [9]

32 33.6 500 [8]

B 590.5 33.6 550 [1]

g g1
g_HT

oP16/

oC16

n.a. 574–625 51.5 52.9 596.3 [8]

573.9–624.5 [1]

g0 g2
g_LT

mC20 AlCu B 581 51.9 54.8 500 [8]

B 574.5 51.4 550 [1]

f f2 Al3Cu4-d Imm2 Al3Cu4- d 507–597 54.5 56.5 580/561 [8]

ca. 425 –

min. 550

55* 58* [34]

Min.

400–570

55.2 56.7 [3]

373–587 [1]

f0 f1-Al3Cu4 Fmm2 Al3Cu4 298–561 56.3 57.4 400 [8]

Min 400–579 56.6* 57.7* [10]

530–590 55.2 56.3 [3]

Min.

300–560.5

[1]

e e1
e_HT

cubic? n.a. 960–847 59.5 64.5 847/960 [8]

959–846 [1]

e0 e2
e_LT

hP4 NiAs 847–578 54.5 62.5 625/847 [8]

846–568.5 [1]

d d Al5Cu8 hR52 Al4Cu9 (r) B 687 60? 64? 450 [8]

B 680 [1]

c c0, c_CuZn,
c_brass

cI52 Cu5Zn8 993–800 65 69 874/800 [8]

991–779.6 [1]

c0 c1, c_AlCu, c_D83 cP52 Al4Cu9 B 874 65 70 450 [8]

B 873.5 61.0 69.6 688/615 [1]

b BCC_A2 cI2 W 1052–567 68 82 996/1030 [8]

1052–566.7 [1]

a0 a2,
a_LT

n. a. Superstructure based on

TiAl3

B 360 76 79 – [39]

B 350 – [1]

(Cu) FCC_A1 cF4 Cu \ 1083 81 100 450 [8]

*The region of existence was not studied in details in this work
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The simplest model for the description of the con-

tribution of the excess Gibbs energy for two-sublat-

tice model is defined as:

Gu
E ¼

X
1yi � 1yj � 2yk � L i;j:kð Þ þ

X
1yi � 2yk � 2yl � L i:k;lð Þ

ð7Þ
where

L i;j:kð Þ ¼
X

z

zL i;j:kð Þ � yi � yj
� �z

: ð8Þ

The parameters zLi,j:k describe the mutual interac-

tion of constituents i and j in the first sublattice, when

the second sublattice is fully occupied by constituent

k. This description can be extended to any number of

sublattices.

The number of sublattices in particular inter-

metallic phases was selected with respect to the

composition and the extent of the mutual solubility of

elements in the structure and/or the complexity of

the crystallographic structure. Several models were

accepted from the work of Liang [7].

The composition was used as the basis for the

modelling of some phases. The h-phase (labelled

THETA in the dataset) is modelled using two-sub-

lattice model (Al,Cu)2(Al,Cu)1. It is true that the

maximum content of Cu in the phase is supposed to

be around 33.3 at%, but it was found that allowing

slightly higher content of Cu corresponds better to

the experimental results from [1]. This also leads to

better results when modelling the peritectic reaction

involving h-phase and the shape of the liquidus curve

in the vicinity of this phase.

The g and g0 (labelled ETA and ETA_PRIME in the

dataset) are both modelled as (Al,Cu)1(Cu)1. The

introduction of solubility in the g0 phase is based on

the SEM studies of long-term annealed samples at

500 �C carried out in the original paper of Ponweiser

[8], where the solubility for the g0 phase was found.

The additional long-term annealing experiments at

300 �C were later done in our study [1] and existence

of small solubility was found as well. Identical two-

sublattice model as for the g and g0 phases was used

for e0 phase (labelled EPS_PRIME).

The region of existence of the d phase was studied

in great details in the study [1] and is described there.

The results lead us to the proposal of the model with

solubility existing at higher temperatures. The d
phase (labelled as DELTA) was therefore modelled as

(Al,Cu)5(Al,Cu)8. The only phase modelled as

stoichiometric is the a0 phase (labelled ALPHA_-

PRIME) with the model (Al)0.23(Cu)0.77.

The information about crystallographic structures

of the f0 (ZETA_PRIME) and f (ZETA) phases is

available from the works of Gullay and Harbrecht

[10, 34]. The crystallography of these structures is

very complicated, and the information about the

existing concentration range of stability of both pha-

ses is uncertain. Therefore, these phases were mod-

elled using two-sublattice models, defined as

(Cu)0.561(Al)0.439 for f and (Cu)0.573(Al)0.427 for f0.
The information about crystallographic structures

and the occupancies of concrete positions was used

for the definition of sublattice models of the c-brass

family phases Al4Cu9 (c0, labelled GAMMA_B-

RASS_ALCU) and Cu5Zn8 (c, labelled GAMMA_B-

RASS_CUZN). They are modelled using the four-

sublattice model based on the crystallographic con-

sideration. The sublattice occupancies are defined as

(Al,Cu)2(Cu)2(Cu)3(Al,Cu)6 for both low-temperature

and high-temperature phases. This model was

selected to be used in the scope of the work on the

development of the SOLDERS databases in the scope

of the MP0602 Actions [35, 36] as it is the most gen-

eral and it should allow to cover known composi-

tional ranges of all c-brass family phases also in other

nonrelated systems. The detailed definitions of the

models used for all phases in the Al–Cu system are

summarized in Table 3.

Results and discussion

The software package Thermo-Calc for the phase

diagrams calculations was used for the modelling.

The optimising procedure was based on the our

experimental results [1] and experimental phase

diagram published by Ponweiser et al. [8]. The ther-

modynamic data used during the assessment process

are summarized in Table 1. The parameters assessed

in the scope of this work are presented in Table 4.

The data for pure elements are taken from the SGTE

4.4 database [37].

The calculated phase diagram using the data from

Table 4 and [37] is shown in Fig. 3. The quality of the

assessment can be evaluated from Figs. 4 and 5

where the agreement with the experimental data of

[1, 8] is shown.

The comparison of calculated thermodynamic

properties with those measured experimentally is
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shown in Figs. 6, 7 and 8. The parameters of invariant

reactions are summarised in Table 5. The description

of the invariant reaction is shown in the first column,

the calculated temperature is shown in column 2, the

experimentally established temperatures, the tem-

peratures modelled by Liang and Schmid-Fetzer [7]

and relevant references are in columns 3 and 4, last

three columns contain calculated compositions for

participating phases in the order shown in column 1.

Very good agreement was obtained both, from the

point of view of the phase diagram and the thermo-

dynamic measurements.

The detail of the central part of the phase diagram

is shown in Fig. 9. You can see that the peritectic

reaction liq ? g0 ? h is properly modelled and the

maximum concentration of Cu in the h-phase is

33.7 at% which corresponds very well to the experi-

mental value approx. 33.5 at% Cu. Nevertheless,

even this small deviation from the previous models

for the h-phase, which allowed the maximum con-

centration 33.33 at% Cu, lead to better modelling of

the liquidus curve in this region of the phase dia-

gram. There was significant deviation of calculated

liquidus in comparison with experimental data

towards higher temperatures in [6, 7]. This problem is

significantly reduced in this assessment.

It is also clear from Fig. 9 that very good agreement

was reached in the concentration interval between

g0(g) and d phases with the detailed experimental

study of [1]. The agreement of the invariant temper-

atures with the experiments is excellent, and good

agreement was reached also with the EDS measure-

ment carried out by scanning electron microscopy by

Zobac et al. [1].

The agreement between the calculated and exper-

imentally established invariant reactions and relevant

temperatures elsewhere in the phase diagram is also

very good as is shown in Table 5. There is only one

disagreement between the types of invariant reac-

tions obtained theoretically and experimentally,

which exists in the region shown in Fig. 9. The reac-

tion between the e0, f, and g0 phases was deemed to

be peritectoid in the work of [1, 8] but it came out in

the modelling in this study as well as in [7]. The

complexity of that region and existing experimental

data allow for both possibilities.

A two-phase field was modelled between d and c0

phases, as the experimentally presumed second-

order phase transformation was not modelled

because of complexity of both phases. Similar sim-

plification was used for the phase transformation

between c0 and c phases. Here, again two-phase field

was modelled despite the fact, that it was not

observed in experimental studies.

Good agreement was also obtained for measured

thermodynamic properties in Figs. 6, 7 and 8. There

is only very small difference between the thermody-

namic properties calculated by [7] and in this work as

Table 3 Summary of phases existing in the Al–Cu system, their temperature stabilities, used in the assessment and description of

thermodynamic models

Phase name (acc. to

[1])

Pearson

symbol

Structure type T range (�C) References Model description

(Al) cI2 Cu B 660.5 [3] (Al,Cu)1(Va)1
h tI12 Al2Cu B 590.5 [1] (Al,Cu)2(Al,Cu)1
g oP16/oC16 n.a. 573.9–624.5 [1] (Al,Cu)1(Cu)1
g0 mC20 AlCu B 574.5 [1] (Al,Cu)1(Cu)1
f Imm2 Al3Cu4- d 373–597 [1] (Cu)0.561(Al)0.439
f0 Fmm2 Al3Cu4 Min.

300–560.5

[1] (Cu)0.573(Al)0.427

e cubic? n.a. 959–846 [1] (Al,Cu)1(Va)3
e0 hP4 NiAs 846–568.5 [1] (Al,Cu)1(Cu)1
d hR52 Al4Cu9(r) B 680 [1] (Al,Cu)5(Al,Cu)8
c cI52 Cu5Zn8 991–779.6 [1] (Al,Cu)2(Cu)2(Cu)3(Al,Cu)6
c0 cP52 Al4Cu9 B 873.5 [1] (Al,Cu)2(Cu)2(Cu)3(Al,Cu)6
b cI2 W 1052–566.7 [1] (Al,Cu)1(Va)3
a0 n. a. Superstructure based on TiAl3

[38]

B 360 [1] (Al)0.23(Cu)0.77

(Cu) cF4 Cu \ 1083 [8] (Al,Cu)1(Va)1
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Table 4 Thermodynamic parameters for liquid and optimised intermetallic phases in the Al–Cu binary system (optimised in this work)

Database name* (constituents)

Common Name

Thermodynamic parameters

(298.15\T\ 6000 K)

LIQUID

(Al, Cu)1
Liquid

0LAl,Cu
LIQ = -69250.79 ? 10.30229*T

1LAl,Cu
LIQ = ?36119.82–10.2142*T

2LAl,Cu
LIQ = 11596.81–9.5733*T

3LAl,Cu
LIQ = -15246.64 ? 11.53621*T

FCC_A1

(Al, Cu)1(Va)1
(Al), (Cu)

0LAl,Cu:Va
FCC_A1 = -54220.45 ? 2.0034*T

1LAl,Cu:Va
FCC_A1 = ?39015 to 2.368*T

2LAl,Cu:Va
FCC_A1 = 3218.23

THETA

(Al,Cu)2(Al,Cu)1
h

0GAl:Al
THETA = 3*GAl

BCC

0GAl:Cu
THETA = -45258.14 ? 4.6756*T ? 2*GAl

HSER ? GCu
HSER

0GCu:Al
THETA = 15000 ? GAl

HSER ? 2*GCu
HSER

0GCu:Cu
THETA = 15000 ? 3*GCu

HSER

0LAl:Al,Cu
THETA = 1211

1LAl,Cu:Cu
THETA = -55350

ZETA

(Cu)0.561(Al)0.439
f

0GCu:Al
ZETA = -21426.45 ? 1.085798*T ? 0.439*GAl

HSER ? 0.561*GCu
HSER

ZETA_PRIME

(Cu)0.573(Al)0.427
f0

0GCu:Al
ZETA_PRIME = -21883.42 ? 1.400093*T ? 0.427*GAl

HSER ? 0.573*GCu
HSER

ETA

(Al,Cu)1(Cu)1
g

0GAl:Cu
ETA = -39586.23 ? 2.47353*T ? GAl

HSER ? GCu
HSER

0GCu:Cu
ETA = 4770 ? 9*T ? 2*GCu

HSER

0LAl,Cu:Cu
ETA = -2500

1LAl,Cu:Cu
ETA = -21920 to 44.5*T

ETA_PRIME

(Al,Cu)1(Cu)1
g0

0GAl:Cu
ETA_PRIME = -42547.08 ? 6.1302*T ? GAl

HSER ? GCu
HSER

0GCu:Cu
ETA_PRIME = 10000 ? 2*GCu

HSER

0LAl,Cu:Cu
ETA_PRIME = -43648.34 to 19.7096*T

DELTA

(Al,Cu)5(Al,Cu)8
d

0GAl:Al
DELTA = 50000 ? 13*GAl

HSER

0GAl:Cu
DELTA = -288889.8 ? 14.6318*T ? 8*GCu

HSER ? 5*GAl
HSER

0GCu:Al
DELTA = 20000 ? 8*GAl

HSER ? 5*GCu
HSER

0GCu:Cu
DELTA = 20000 ? 13*GCu

HSER

EPS_PRIME

(Al,Cu)1(Cu)1
e0

0GAl:Cu
EPS_PRIME = -39599.52 ? 3.96296*T ? GAl

HSER ? GCu
HSER

0GCu:Cu
EPS_PRIME = 9350 ? 30.1*T ? 2*GCu

HSER

0LAl,Cu:Cu
EPS_PRIME = -55856.4 to 53.13*T

GAMMA_BRASS_

ALCU

(Al,Cu)2(Cu)2(Cu)3
(Al,Cu)6
c0

0GAl:Cu:Cu:Al
GAMMA_BRASS_AlCU = 20000 ? 8*GAl

HSER ? 5*GCu
HSER

0GAl:Cu:Cu:Cu
GAMMA_BRASS_AlCU = -30000 ? 2*GAl

HSER ? 11*GCu
HSER

0GCu:Cu:Cu:Cu
GAMMA_BRASS_AlCU = ?120000 ? 13*GCu

HSER

0GCu:Cu:Cu:Al
GAMMA_BRASS_AlCU = -243296.1 ? 23.226*T ? 6*GAl

HSER ? 7*GCu
HSER

0LCu:Cu:Cu:Al,Cu
GAMMA_BRASS_AlCU = -450000

1LCu:Cu:Cu:Al,Cu
GAMMA_BRASS_AlCU = -300000

GAMMA_BRASS_

CUZN

(Al,Cu)2(Cu)2(Cu)3
(Al,Cu)6
c

0GAl:Cu:Cu:Al
GAMMA_BRASS_CUZN = 20000 ? 8*GAl

HSER ? 5*GCu
HSER

0GAl:Cu:Cu:Cu
GAMMA_BRASS_CUZN = -30000 ? 2*GAl

HSER ? 11*GCu
HSER

0GCu:Cu:Cu:Cu
GAMMA_BRASS_CUZN = ?100000 ? 13*GCu

HSER

0GCu:Cu:Cu:Al
GAMMA_BRASS_CUZN = -142937.0 to 59.45*T ? 6*GAl

HSER ? 7*GCu
HSER

0LCu:Cu:Cu:Al,Cu
GAMMA_BRASS_CUZN = -674456 ? 185.5*T

1LCu:Cu:Cu:Al,Cu
GAMMA_BRASS_CUZN = -28662 to 218.91*T

BCC_A2

(Al,Cu)1(Va)3
b, e

0LAl,Cu:Va
BCC_A2 = -72619 ? 3.137*T

1LAl,Cu:Va
BCC_A2 = 56695.8–14.728*T

2LAl,Cu:Va
BCC_A2 = 4774.15–1.4195*T
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is seen in Figs. 6 and 8. All the features of experi-

mentally measured concentration dependence of

enthalpy of mixing, enthalpy of formation and

activities are very correctly reproduced.

Conclusions

The Al–Cu binary system was newly assessed, based

mainly on the experimental phase diagram evalua-

tion done by Ponweiser et al. [8] and Zobac et al. [1].

The experimental thermodynamic data used in the

work of [7] were also used during this assessment.

Current work was concentrated on the newly

described experimental phase equilibria from [1], and

all intermetallic phases were modelled with their

temperature modifications.

The HT and LT modifications of g, f, and c family

of phases were modelled, including their nonsto-

ichiometricity (if the experimental data were

available).

The d phase was modelled as nonstoichiometric

phase.

The four sublattice models were used for the c-

family phases.

Very good agreement with the experimental results

was reached both for the Al–Cu phase diagram and

for the calculated thermodynamic properties, namely

the enthalpy of mixing, enthalpies of formation and

activities.

Table 4 continued

Database name* (constituents)

Common Name

Thermodynamic parameters

(298.15\T\ 6000 K)

ALPHA_PRIME

(Al)0.23(Cu)0.77
a0

0GAl:Cu
ALPHA_PRIME = -15964.4 ? 0.009*T ? 0.23*GAl

HSER ? 0.77*GCu
HSER

*The phase names used in this dataset are usually based on the common names of phases used in the literature. The exceptions are accepted

when the generic name for the crystallographic structure exists to be consistent with large databases (e.g. BCC_A2, FCC_A1). The names

for the c-brass family of phases (GAMMA_BRASS_ALCU and GAMMA_BRASS_CUZN) were selected with respect to the structure

prototype to ensure simple identification of corresponding data for these phases in other datasets

Figure 3 The assessed Al–Cu phase diagram based on the dataset

in Table 4.
Figure 4 The assessed phase diagram in comparison with

experimental data from [1] (black three pointed star- DSC

signals, bold square—phase boundaries according to SEM/EDX

measurements).
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Figure 5 The assessed phase diagram in comparison with

experimental data from [8] (white up-pointing triangle, white

down-pointing triangle—DSC signal for liquid on heating and

cooling, bold circle—DSC signal for invariant reaction, white

diamond—other DSC signals, bold square—phase boundaries

according to SEM/EDX measurements).

Figure 6 The enthalpy of mixing of liquid for 1300 �C in

comparison with experimental data, standard states are Al and Cu

liquids at the temperature of calculation.

Figure 7 Calculated activities for Al and Cu in liquid phase in

comparison with experimental data, standard states are Al and Cu

liquids at the temperature of calculation.

Figure 8 Calcualted enthalpy of formation at room temperature

in comparison with experimental data and calculation from [7],

standard states are solid Cu and Al (fcc).
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Table 5 Comparison of calculated (this work—column 2, and [7]) and experimentally established ([1] anmd [8]) characters and

temperatures of invariant reactions

Invariant reaction T (�C) [calc] Texp (�C) References Phase 1

x(Cu)

Phase 2

x(Cu)

Phase 3

x(Cu)

liq. ? b
(congruent)

1056.3 – [1] 0.755

1052 [8]

1043 [7]

liq ? b ? (Cu) 1042.7 – [1] 0.822 0.809 0.839

1035 [8]

1035.1 [7]

liq ? b ? c 995.0 991 [1] 0.625 0.659 0.658

993 [8]

1013.2 [7]

liq ? c ? e 942.1 959 [1] 0.579 0.648 0.626

960 [8]

959.3 [7]

c ? e ? c0 (ord.) 871.0 873.5 [1] 0.644 0.609 0.637

874 [8]

872.5 [7]

c0 ? e ? e0 846.8 846 [1] 0.631 0.591 0.600

847 [8]

848.7* [7]

e ? liq ? e0 842.3 846 [1] 0.582 0.515 0.597

847 [8]

846.6 [7]

c ? c0 ? b (ord.) 777.6 779.6 [1] 0.690 0.676 0.729

800 [8]

790.7 [7]

c0 ? e0 ? d 681.9 682.1 [1] 0.621 0.584 0.604

684 [8]

684.6 [7]

liq ? e0 ? g 624.5 624.5 [1] 0.362 0.549 0.516

625 [8]

625.0 [7]

e0 ? g ? g0 598.7 597 [1] 0.548 0.516 0.529

597 [8]

597.9 [7]

liq ? g ? h 593.0 589 [1] 0.335 0.513 0.337

591 [8]

593.3 [7]

f ? e0(congruent) 581.3 – 0.561

601.6 [7]

e0 ? d ? f 578.0 575 [1] 0.566 0.596 0.561

578 [8]

557.7 [7]

g ? g0 ? h 573.6 573.9 [1] 0.512 0.521 0.337

574 [8]

573.7

b ? (Cu) ? c0 567.4 566.7 [1] 0.774 0.798 0.690

567 [8]

567.5 [7]

e0 ? f ? g0 568.0 – 0.551 0.561 0.532

580.4 [7]
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Abstract The phase diagram of the binary Ni-Se system

has been modelled by the CALPHAD approach for the first

time. The modelled phase diagram is based on a known

experimental phase diagram, enthalpy of formation of the

NiSe phase and heat capacity of the NiSe2 phase. All cal-

culated data (the Ni-Se phase diagram, the standard

enthalpy of mixing of the NiSe phase at 298 K and 1050 K

and the heat capacity of NiSe2 in the temperature range

298-1000 K) reveal very good agreement with the experi-

mental results.

Keywords binary phase diagram � CALPHAD approach �
Ni-Se system

1 Introduction

Knowledge of the phase equilibria, phase diagrams and

thermodynamic properties of phases is crucial for the

development of new materials. Detailed information about

the coexistence and stability of phases in stable or

metastable equilibrium significantly rationalizes the design

and consequent development of materials with required

properties. The semiempirical CALculation of PHAse

Diagram (CALPHAD) type modelling
[1,2]

of multicompo-

nent phase diagrams is a helpful tool for the materials

development. Furthermore, robust and reliable thermody-

namic descriptions of binary systems are necessary for the

modelling of ternary and higher-component systems.

As important semiconductor materials, transition metal

chalcogenides find technological applications in micro-

electronics.
[3–5]

Moreover, possible intercalation of these

chalcogenides with lithium for applications in rechargeable

battery electrodes has garnered a lot of attention. Metal

chalcogenides are also conventionally used in several

advanced technological applications, such as photo-

voltaics.
[3,6, 7]

The investigations of the Ni-Se system were

initiated as it provides a potential material for various types

of electrodes.
[8]

Based on these investigations, Komarek

and Wessely
[9]

published an experimental phase diagram

shown in Fig. 1. This phase diagram was accepted in later

scientific monographies/compendia.
[10,11]

However, the

CALPHAD-based thermodynamic assessment of the Ni-Se

phase diagram has not been published yet.

For the reasons and motivation mentioned above, the

theoretical prediction of the Ni-Se phase diagram was

accomplished using the CALPHAD approach, which was

based on published experimental phase diagram
[9]

and

available thermodynamic properties of the intermetallic

phases, namely standard enthalpy of mixing of the NiSe

phase at 298 K and 1050 K
[12]

and the heat capacity of

NiSe2 in the temperature range 298–1000 K.
[13]

2 Literature Review

2.1 Available Experimental Information

The phase equilibria in the Ni-Se system have been

investigated by Grønvold et al.
[14]

, Hiller et al.
[15]

, and

Kuznetsov et al.
[16]

The experimental phase diagram of
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binary system Ni-Se was constructed by Komarek and

Wessely
[9]

(see Fig. 1) based on the combination of results

from X-ray diffraction (XRD) and thermal analysis (DTA).

The results reported in Ref.
[9]

have been taken as a basis for

review by Lee et al.
[10]

and Landolt-Börnstein
[11]

.

The Ni-Se system contains five intermetallic phases.

The NiSe2 intermetallic phase is stoichiometric and crys-

talizes in the cubic FeS2 structure (Pearson symbol cP12)

with space group Pa3.
[17]

In the binary phase diagram, it is

stable below 1129 K. The NiSe phase is non-stoichiometric

with the solubility of selenium up to 57 at.% Se. This phase

crystallizes in the hexagonal NiAs (B81) structure with

space group P63/mmc
[16]

and, in the binary Ni-Se phase

diagram, it is stable below 1232 K. The Ni6Se5 inter-

metallic stoichiometric phase is orthorhombic and crys-

talizes in its own super-structure type in space group oC48

with Pearson symbol Cmcm.
[18]

The Ni6Se5 phase is

stable in the temperature range between 673-920 K in the

phase diagram. The intermetallic binary phase Ni3Se2
exists in two modifications. The hexagonal modification

Ni3Se2_LT
[9, 15]

is stable from room temperature to approx.

878 K and the cubic modification Ni3Se2_HT
[9]

is stable at

higher temperatures up to 1058 K. The high-temperature

modification Ni3Se2_HT is proposed as a non-stoichio-

metric with the solubility of both Ni and Se. The character

and the temperature of the transition Ni3Se2_HT $ Ni3-
Se2_LT is not precisely known, and the temperature is

estimated to be approx. 863 K.
[10]

The eutectoid reaction

Ni3Se2_HT $ Ni3Se2_LT ? Ni6Se5 on the Se-rich part of

the phase diagram occurs at 858 K.
[9]

Moreover, two

metastable phases a’_Ni3Se2 and Ni3Se4
[15]

are described in

binary system Ni-Se in literature.
[10]

Table 1 summarizes

the stable and metastable phases reported for the Ni-Se

system, including their structure and temperature ranges of

existence.

The summary of the above-discussed and other invariant

reactions is presented in Table 2, comparing the invariant-

reaction temperatures obtained from experimental phase

diagrams
[9, 10]

and calculations proposed in this work. The

first column of this table lists the proposed invariant

reactions; the 2nd–4th columns provide compositions of

phases as mentioned in the reaction; in the 5th column are

the invariant temperatures; the 7th column lists proposed

reaction type, and the last column shows the references

where the previous data come from. The results of this

work are in bold.

Published thermodynamic data are quite sparse.

Grønwold
[12]

measured the enthalpy of formation of NiSe

phase in the concentration range between x(Se)=0.5 to 0.57

and in two-phase region NiSe?NiSe2 up to x(Se)=0.6667

Fig. 1 Experimental phase

diagrams proposed by Komarek

and Wessely
[9]
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by high-temperature reaction calorimetry at 1050 K. For

three concentration variants of nickel selenide, NiSe0.513,

NiSe0.533 and NiSe0.566, Grønvold
[12]

derived the enthalpy

of formation at room temperature. Original data on

enthalpies of formation by Fabre
[19]

evaluated from the heat

of solution measurement agree very well with data derived

by Grønwold.
[12]

Results proposed by Bichowsky and

Rossini
[20]

and Rossini et al.
[21]

reevaluated the

Table 1 Crystal structure and

temperature stability of

stable and

metastable intermetallic phases

in the Ni-Se system

Phase name Person symbol Space group Structure type T range [K] Ref.

Ni3Se2_LT hR5 R32 Ni3S2 \ 878 [9, 15]

Ni3Se2_HT c** n.a. n.a. 863–1058 [9]

Ni6Se5 oC48 Cmcm Ni6Se5 673–920 [9, 18]

NiSe hP4 P63/mmc NiAs \ 1232 [16]

NiSe2 cP12 Pa3 FeS2 \ 1129 [17]

Ni3Se4 mC14 C2/m Ni3Se4 Metastable phase [15]

a’_Ni3Se2 tI** n.a. n.a. Metastable phase [10]

n.a. stands for ‘‘not available’’.

Table 2 Calculated and

experimentally established

invariant reactions and the

reaction temperatures

Reaction Phase composition [at.% Se] T [K] Type of reaction Ref.

Liquid $ NiSe 53.5 53.5 – 1232 congruent [9]

53.5 53.5 – 1232 [11]

53.2 53.2 – 1231.3 t.w.

Liquid ? NiSe $ NiSe2 70.1 58 68 1129 peritectic [9]

68.4 56.7 66.8 1129 [11]

67.2 54.7 66.7 1131.0 t.w.

Liquid’ $ NiSe2 ? Liquid’’ n.a. n.a. n.a. 1126 monotectic [9]

n.a. n.a. n.a. 1129 [11]

72.7 66.7 72.7 1128.4 t.w.

Liquid ? NiSe $ Ni3Se2_HT 35.1 50.5 35.1 1058 peritectic [9]

36.5 50.8 40 1058 [11]

40.5 51.4 40.5 1057.5 t.w.

Liquid $ FCC_A1 ? Ni3Se2_HT 34 0 39.6 1023 eutectic [9]

33.7 0 39 1023 [11]

34.4 0 40.5 1037.3 t.w.

NiSe ? Ni3Se2_HT $ Ni6Se5 50.5 42.5 45.5 920.5 peritectoid [9]

50.8 42.4 45.5 920 [11]

51.3 40.5 45.5 919.9 t.w.

Ni3Se2_HT ? FCC_A1 $ Ni3Se2_LT 42.3 0 42 873 eutectoid [9]

42.4 0 40 863 [11]

40.5 0 40 865.5 t.w.

Ni3Se2_HT $ Ni6Se5 ? Ni3Se2_LT 42.5 45.5 42 858 eutectoid [9]

38.5 45.5 40 n.a. [11]

40.5 45.5 40 839.3 t.w.

Ni6Se5 $ NiSe ? Ni3Se2_LT 45.5 50.5 42 673 eutectoid [9]

45.5 50.8 40 673 [11]

45.5 51.1 40 673.5 t.w.

Liquid $ NiSe2 ? hex_A8 (Se) \100 68 100 490 eutectic [9]

\100 68.4 100 490 [11]

99.8 66.7 100 490.1 t.w.

The results of this work are in bold.

t.w. stands for ‘‘this work.’’
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experimental data from Fabre
[19]

. The values do not agree

well with the results published by Grønwold
[12]

. The

enthalpies of formation for the single-phase region pro-

posed by different authors are shown in Table 3. Jelinek

and Komarek
[22]

determined the vapor pressure of selenium

in Ni-Se alloys by an isopiestic method between 723 K–

1273 K. Furthermore, they also evaluated the activity of Se

according to three methods, but the results from these three

methods are not consistent.

3 Thermodynamic Modelling

The CALPHAD approach
[1, 2]

is a theoretical approach for

the thermodynamic modelling and calculations of phase

diagrams. Using this approach, the phase compositions in

thermodynamic equilibrium can be found as they corre-

spond to the minimum total Gibbs energy of a closed

system at constant temperature and pressure. Our calcula-

tions were done using the Pandat
[23]

software, which is

based on solving the constrained minimization problem to

determine non-negative amounts of individual components

in equilibrium phases. The Gibbs energies are considered

relative to the Stable Element Reference (SER) states,

which means relative to the Gibbs energies of phases of

pure elements stable at p=101325 Pa and T=298 K. The

data for pure elements were taken from the 24 4.4

database.
[24]

3.1 The Solution Phases

The molar Gibbs energy of the liquid (and solid solution)

Gu
m can be generally considered as the sum of several

contributions
[1]

:

Gu
m ¼

Xn

i¼1

xi �0 Gu
m;i þ RT �

Xn

i¼1

xi � ln xið Þ þE Gu
m; ðEq 1Þ

where the first term is the molar reference Gibbs energy
ref Gu

m consisting of the weighted sum of the Gibbs energies

of constituents i in the crystallographic structure identical

to the phase u relative to the chosen reference state. Here,

xi is the molar fraction of constituent i and the temperature

dependence of the Gibbs energy of the pure constituent i in

phase u 0Gu
m;i is expressed by the polynomial

[1]

:

Gu
m;i ¼ aþ b � T þ c � Tln Tð Þ þ

X
n � di � Tn�1; ðEq 2Þ

where a, b, c, and the di are adjustable coefficients, n rep-

resents a set of integers (typically taking the values of 2, 3

and -1), and T is temperature.

The second term of Eq 1 is the contribution to the Gibbs

energy from the ideal mixing of the constituents on the

crystal lattice or in the liquid idGu
m, where n is the number

of constituents.

The third term, the excess molar Gibbs energy EGu
m,

describes the influence of the non-ideal behaviour of the

system on the thermodynamic properties of the phase and

is given by the Redlich-Kister formalism [30]:

EGu
m ¼

Xn

i; j ¼ 1

i 6¼ j

xi � xj �
Xm

z¼0

zLðxi � xjÞz; ðEq 3Þ

where zL are the temperature-dependent interaction

parameters, describing the mutual interaction between

constituents i and j. Their temperature dependence is

defined as:

zL Tð Þ ¼ aþ b � T þ c � Tln Tð Þ: ðEq 4Þ

Although the phase FCC_A1 (Ni) can be considered as a

substitutional solid solution phase with one sublattice, it is

more convenient to model it as an interstitial solid solution,

using two sublattices (Ni)1(X,Va)1. Here the first sublattice

is occupied by metal atoms and the second one by hypo-

thetical interstitial atoms X (like carbon, nitrogen) where

appropriate and structural vacancies Va. This model was

used in this work to remain consistent with assessments of

other FCC_A1 [30] containing systems where interstitials

have to be included. In the present work, the second sub-

lattice contains only vacancies, and the model behaves like

the substitutional model described above.

The Gibbs energy of the hexagonal_A8 (Se) phase was

also modelled using the above-mentioned substitutional

model with one sublattice.

As only negligible solubility of selenium in nickel for

FCC_A1 phase and nickel in selenium in hexagonal_A8

Table 3 Enthalpies of formation for the single-phase regions

Phase T [K] DHf [kJ mol-1] Ref.

NiSe0.513 298 -36.5 ± 0.2
[12]

NiSe0.533 298 -37.2 ± 0.2
[12]

NiSe0.566 298 -36.8 ± 0.2
[12]

NiSe 298 -38.5
[19]

NiSe 298 -29
[20]

NiSe 298 -21 ± 5
[21]

NiSe 1050 -39.97
[12]

NiSe0.512 1050 -40.93
[12]

NiSe0.524 1050 -41.16
[12]

NiSe0.535 1050 -41.01
[12]

NiSe0.545 1050 -41.14
[12]

NiSe0.565 1050 -40.77
[12]
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was proposed
[9]

, the model for Se was selected without any

solubility of Ni atoms in its structure.

Due to the relatively high temperature of congruent

melting of the NiSe phase, the liquid phase was modelled

by the solution model extended to the associate model with

an associated cluster with the stoichiometric composition

Ni1Se1. The model is defined as (Ni,NiSe,Se)

3.2 Intermetallic Phases

The Ni-Se phase diagram contains five stable intermetallic

phases, which differ in the solubility of constituents and

complexity of the crystal structure (see Table 1). Therefore,

different sublattice models were used for their description,

as shown in Table 3.

The Compound Energy Formalism (CEF) was used to

model intermetallic phases Ni3Se2_LT, Ni3Se2_HT, Ni6-
Se5, NiSe and NiSe2 employing the two-sublattice model

for all of them. The ratio of positions in sublattices was

defined by the stoichiometry of phases (see Table 3).

The molar reference Gibbs energy (analogous to the first

term in Eq 1 in case of solution (e.g. liquid or hexago-

nal_A8 (Se) phase) phases) for the two-sublattice model is

given as:

ref Gu
m ¼

X

i;j

1yi � 2yj � 0Gi:j i; j ¼ Ni; Se; ðEq 5Þ

where the pyi terms are the site fractions of each constituent

in the respective first or second sublattice p. The term Gi:j

describes the Gibbs energy of formation of the so-called

‘‘end-member’’ i:j. The end-members are structures with all

possible exclusive occupations of sublattices by available

constituents, i.e. it can also be the pure element i in the

crystallographic structure u if both sublattices are occupied

by the same component. Typically, only a few of the end-

member compounds exist, but Gibbs energy data of all of

them are necessary for the theoretical modelling.

The ideal mixing term idGu
m in the two-sublattice model

is given by the equation:

idGu
m ¼

X2

p¼1

fp �
Xn

i¼1

pyi � ln pyið Þ; ðEq 6Þ

where fp is the stoichiometric coefficient for sublattice

p and the second sum describes the effect of the ideal

mixing within the sublattice p, similar to Eq 1.

The simplest model for the description of the contribu-

tion of the excess Gibbs energy for the two-sublattice

model is defined as:

EGu
m ¼

X1
yi �1 yj �2 yk � L i;j:kð Þ þ

X1
yi �2 yk �2 yl � L i:k;lð Þ;

ðEq 7Þ

where

L i;j:kð Þ ¼
X

z

zL i;j:kð Þ � yi � yj
� �z

and ðEq 8aÞ

L i:k;lð Þ ¼
X

z

zL i:k;lð Þ � yk � ylð Þz: ðEq 8bÞ

Here, the parameters zLi,j:k describe the mutual interaction

of constituents i and j in the first sublattice, when the

second sublattice is fully occupied by constituent k and the

parameters zLi:k,l, describe the mutual interaction of con-

stituents k and l in the second sublattice, when the first

sublattice is fully occupied by constituent i. Moreover, this

description can be extended to any number of sublattices.

As was mentioned above, the only thermodynamic data

available for the NiSe2 phase is the heat capacity in the

temperature range of 573–1373 K
[13]

. Therefore the direct

modelling of heat capacity was used for the theoretical

description of the NiSe2 intermetallic phase to achieve

agreement between experimental and our calculated heat

capacity data.

The temperature dependence of the Gibbs energy of the

pure constituent i in pure-constituent type formalism is

expressed by the Eq (2). The most common polynomial

form of this equation is :

Gu
m ¼ aþ b � T þ c � Tln Tð Þ þ d1 � T2 þ d2 � T3 þ d4 � T�1;

ðEq 9Þ

where a, b, c, and the di are adjustable coefficients.

This expression is usually required for a given phase to

cover the whole temperature range of interest. From such

expression of Gibbs energy, the other thermodynamic

functions such as entropy S, enthalpy H and heat capacity

Cp can be evaluated as follows
[25]

:

Sum ¼ �b� c� c � ln Tð Þ �
X

n � di � Tn�1; ðEq 10Þ

Hu
m ¼ a� c � T �

X
n� 1ð Þ � di � Tn ðEq 11Þ

Cu
pm ¼ �c � T �

X
n � n� 1ð Þ � di � Tn�1: ðEq 12Þ

The adjustable coefficients of equation (12) describing

the temperature dependence of heat capacity of NiSe2
phase were fitted to the experimental data and subsequently

transferred in the form of Gibbs energy (Eq 9b) into the

database. Parameters ‘‘a’’ and ‘‘b*T’’ remain optimizable to

achieve agreement with the phase diagram.
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4 Results and Discussion

The software package for the phase diagrams calculations

Pandat[29] was used for the thermodynamic modelling in

this work. The optimizing procedure was mainly based on

the experimental phase diagram evaluation published by

Komarek
[9]

and Lee
[10]

. The standard enthalpy of formation

of NiSe phase measured by Grønvold
[12]

and heat capacity

of NiSe2 phase published later by Grønvold
[13]

were also

used during the assessment process.

The data for pure elements were taken from the SGTE

4.4 database.
[24]

Thermodynamic parameters obtained in

this work are presented in Table 3.

The phase diagram calculated using the data from

Table 4 and 24 database
[24]

with superimposed experimental

data from Komarek et al.
[9]

and Lee
[10]

is shown in Fig. 2.

Experimental data are presented by various symbols: tri-

angles represent the liquidus temperature on the heating

curve, circles mark the temperatures of invariant phase

reactions measured by DTA, and filled diamonds represent

other thermal effects.
[9]

Crosses show the eutectoid tem-

perature of phase transition Ni3Se2_HT ? FCC_A1 $
Ni3Se2_LT proposed by Lee.

[10]

Figure 2 shows a very good agreement between the

modelled phase diagram and calculated temperatures of

invariant reactions (see Table 2) with the experimental

results from the work of Komarek et al.
[9]

and the phase

diagram published by Lee
[10]

. The shape of the miscibility

gap proposed by Komarek et al.
[9]

is slightly different from

ours (compare to Fig. 1), but Komarek et al.
[9]

proposed the

Fig. 2 Assessed phase diagram

in comparison with

experimental data from

Komarek et al.
[9]

and Lee
[10]

(triangles: liquidus on heating,

circles: invariant phase

transitions measured by DTA,

diamonds: another thermal

effect, crosses: temperature

proposed by Lee
[10]

)

Fig. 3 Calculated enthalpy of

formation of the NiSe phase at

298 K with superimposed

experimental data published in

different works: diamond,
[19]

,

triangle,
[20]

cross
[21]

and

circles.
[12]

Numerical values of

literature data of DHf of NiSe

phase are listed in Table 3. The

reference states are FCC_A1 for

Ni and hexagonal_A8 for Se.
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description of this phenomenon without any experimental

data describing the miscibility gap boundaries.

Figure 3 shows the calculated concentration dependence

of the enthalpy of formation of the NiSe phase in the whole

concentration range at 298 K. The reference states are

FCC_A1 for Ni and hexagonal_A8 for Se. The plot is

superimposed with experimental
[12, 19]

and theoretically

predicted values.
[20, 21]

Numerical values of literature data

are listed in Table 3. The agreement of our result with data

proposed by Grønvold
[12]

is very good.

Figure 4 shows the composition dependence of the

enthalpy of formation on NiSe phase at 1050 K with

superimposed experimental data published by Grønvold.
[12]

The experimental results are for the single-phase region of

NiSe. The reference states of pure elements are the

FCC_A1 phase for the Ni and the liquid phase for the Se,

as described in the experimental work of Grønvold.
[12]

The

change in the slope of the curve at x(Se) = ca. 0.515 is

caused by crossings of the solidus line in the phase diagram

in our assessment. Numerical values of literature data of

DHf of NiSe phase are listed in Table 3. The agreement of

our predicted enthalpy of formation of single-phase region

NiSe with literature is very good.

The predicted heat capacity of the NiSe2 phase with

superimposed experimental data in temperature interval

300-1000 K published by Grønvold
[13]

is shown in Fig. 5.

The agreement between experiments and calculation is

excellent up to 1000 K. However, we did not accept for our

Fig. 4 Enthalpy of formation of

NiSe phase at 1050 K with

superimposed experimental data

published by Grønvold
[12]

.

Numerical values of literature

data of DHf of NiSe phase are

listed in Table 3. The reference

states are FCC_A1 for Ni and

liquid for Se.

Fig. 5 Predicted heat capacity

of the NiSe2 phase with

superimposed experimental data

published by Grønvold
[13]
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assessment the experimental heat capacity data at higher

temperatures due to their rapidly increasing slope. This

inconsistency might be caused by evaporating of Se above

1000 K.

5 Conclusion

This work presents the thermodynamic assessment of the

Ni-Se binary phase diagram. Theoretical description of the

phase diagram is based mainly on the experimental phase

diagram evaluation published by Komarek et al.
[9]

and by

Lee and Nash
[10]

and experimentally measured

thermodynamic properties, namely enthalpy of formation

of NiSe phase at 298 and 1050 K and heat capacity of

NiSe2 phase. Very good agreement with the experimental

results was reached for the Ni-Se phase diagram and heat

capacity of the NiSe2 phase. The calculated standard

enthalpy of mixing of the NiSe phase at 298 K and

x(Se)=0.5 is equal to the -35.4 kJ mol-1, which corre-

sponds reasonably with the experimental value measured

by Grønvold.
[13]

The enthalpy of formation of the NiSe

phase at 1050 K in concentration range x(Se)=0.5–0.55

agrees well with experimental data published by

Grønvold
[13]

too.
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Appendix

Element         /- ELECTRON_GAS         0         0        0 !
Element         VA       VACUUM 0         0        0 !
Element         NI         Fcc   58.693   4787    29.796 !
Element         SE        HEXAGONAL_A8     78.96    5514.5   41.966 !

SPECIES NISE          NI1SE1!

Function GHSERNI 298.15 -5179.159+117.854*T-22.096*T*ln(T)
-.0048407*T**2; 1728 Y

-27840.655+279.135*T-43.1*T*ln(T)+1.12754e+31*T**(-9); 6000 N !
Function GBCCNI 298.15   +8715.084-3.556*T+GHSERNI; 6000 N !
Function GCBCCNI 298.15   +3556+GHSERNI; 3000 N !
Function GCUBNI 298.15   +2092+GHSERNI; 3000 N !
Function GHCPNI 298.15   +1046+1.2552*T+GHSERNI; 6000 N !
Function GLIQNI 298.15   
+16414.686-9.397*T-3.82318e-021*T**7+GHSERNI; 1728 Y

-0.0796717+18290.88-10.537*T-1.12754e+31*T**(-9)+GHSERNI; 3000 N !
Function GHSERSE 298.15   -9376.371+174.205877*T-33.6527*T*ln(T)
+0.02424314*T**2-1.5318461e-005*T**3+102249*T**(-1); 494 Y

-37546.134+507.111538*T-81.2006585*T*ln(T)+0.037144892*T**2
-5.611026e-006*T**3+2614263*T**(-1); 800 Y

-12193.47+197.770166*T-35.1456*T*ln(T); 1000 N !
Function GLIQSE 298.15   50533.347-1178.288242*T+194.1074389*T*ln(T)
-0.390268991*T**2+0.000119219297*T**3-2224398*T**(-1); 494 Y

-5228.304+183.72559*T-35.1456*T*ln(T); 1000 N !

TYPE_DEFINITION % SEQ *!
DEFINE_SYSTEM_DEFAULT ELEMENT 2 !
DEFAULT_COMMAND DEF_SYS_ELEMENT VA /- !

Phase Liquid % 1 1 !
Constituent Liquid :NI,NISE,SE:!

Parameter G(Liquid,NI;0) 298.15  GLIQNI; 3000 N !
Parameter G(Liquid,SE;0) 298.15  GLIQSE; 1000 N !   
Parameter G(Liquid,NISE;0) 298.15 -45942+1*GHSERSE
+1*GHSERNI; 1000 N !

Parameter G(Liquid,NI,SE;0) 298.15  19852; 3000 N !
Parameter G(Liquid,NI,SE;1) 298.15  +54858; 3000 N !
Parameter G(Liquid,NI,SE;2) 298.15  -44864; 3000 N !

Parameter G(Liquid,NI,NISE;0) 298.15   -1094; 3000 N !

Parameter G(Liquid,NISE,SE;0) 298.15  +5945; 3000 N !
Parameter G(Liquid,NISE,SE;1) 298.15  -1140; 3000 N !
Parameter G(Liquid,NISE,SE;2) 298.15  +12856; 3000 N !
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TYPE_DEFINITION F GES AMEND_PHASE_DESCRIPTION FCC_A1 MAGNETIC -3 
0.280 !
PHASE FCC_A1 %F 2 1 1 !
CONST FCC_A1 :NI:VA:!
PARAMETER G(FCC_A1,NI:VA;0) 298. GHSERNI#; 6000. N DIN91 ! 
PARAMETER BM(FCC_A1,NI:VA;0) 298. 0.52; 6000.   N DIN91  ! 
PARAMETER TC(FCC_A1,NI:VA;0) 298.  633.0; 4000. N GUI89 !

Phase HEXAGONAL_A8 % 1 1 !
Constituent HEXAGONAL_A8 :SE:!

Parameter G(HEXAGONAL_A8,SE;0) 298.15  GHSERSE; 1000 N !

Phase NI3SE2_LT % 2 0.6 0.4 !
Constituent NI3SE2_LT :NI:SE:!

Parameter G(NI3SE2_LT,NI:SE;0) 298.15  
-30835+10*T+0.6*GHSERNI+0.4*GHSERSE; 6000 N !

Phase NI3SE2_HT % 2 0.595 0.405 !
Constituent NI3SE2_HT :NI:SE:!

Parameter G(NI3SE2_HT,NI:SE;0) 298.15  
-29900+8.6*T+0.595*GHSERNI+0.405*GHSERSE; 6000 N !

Phase NI6SE5 % 2 0.54545 0.45455 !
Constituent NI6SE5 :NI:SE:!

Parameter G(NI6SE5,NI:SE;0) 298.15  
-33671.5+10.26*T+0.54545*GHSERNI+0.45455*GHSERSE; 6000 N !

Phase NISE % 2 0.5 0.5 !
Constituent NISE :NI,SE:SE:!
$

Parameter G(NISE,NI:SE;0) 298.15  
-36370+11.28*T+0.5*GHSERNI+0.5*GHSERSE; 6000 N !
Parameter G(NISE,SE:SE;0) 298.15
15000+GHSERSE; 6000 N !

Parameter G(NISE,NI,SE:SE;0) 298.15 -25000+35*T; 6000 N !
Parameter G(NISE,NI,SE:SE;1) 298.15 -35000-6*T; 6000 N !
Parameter G(NISE,NI,SE:SE;2) 298.15 -25000-6.3*T; 6000 N !

Phase NISE2 % 2 0.33333 0.66667 !
Constituent NISE2 :NI:SE:!
$parametry c-f fit na Cp; a+b*T volne optimalizovatelne

Parameter G(NISE2,NI:SE;0) 298.15  
-40218+176.7*T-31.32987*T*LN(T)+0.005135*T**2-1.616E-06*T**3
+185915.26*T**(-1); 6000 N !
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Abstract The ternary phase diagram Ag-Se-Sn was re-

investigated experimentally. The current study was

designed to contribute to a better understanding of phase

equilibria in isothermal sections at 250, 400 and 550 �C
using long-term annealed samples. An intermediate liquid

region was observed at 550 �C in agreement with older

published vertical sections of the ternary phase diagram

Ag-Se-Sn. A huge homogeneity range in ternary inter-

metallic phase Ag8Se6Sn at 250 �C was determined by

SEM/EDX analysis of long term annealed samples and

confirmed by XRD measurements. A second ternary phase

AgSe2Sn was observed at each of the studied temperatures.

Complete isothermal sections at 250, 400 and 550 �C were

constructed in the scope of this paper.

Keywords Ag-Se-Sn phase diagram � Ag8SeSn6 phase �
SEM-EDX � XRD

1 Introduction and Literature Review

1.1 Introduction

The Ag-Se-Sn ternary system has been investigated in the

past because of its technical importance. Ag-Se-Sn based

materials are candidates for various energy applications,

whereas Ag2Se,
[1,2] SeSn,[3] Se2Sn

[4] and Ag8Se6Sn
[5,6]

compounds are used for thermoelectric applications in

various temperature ranges and also for photovoltaic

applications. Experimental phase diagram of Ag-Se-Sn was

constructed recently.[7] This paper was focused only par-

tially on the phase equilibrium data and the interfacial

reactions in this system were studied. Isothermal sections

were constructed by combining information from the bin-

ary subsystems and ternary experimental data. The Se-rich

part of the phase diagram was not studied in this work.

Yusibov et al.[8] published several pseudo-binary phase

diagrams and an isothermal section at 27 �C. It is the aim

of our work to experimentally describe the isothermal

sections at three temperatures using long-term annealed

samples and propose the Se-rich parts of phase diagrams at

250, 400 and 550 �C.

1.2 Literature Review

Phase equilibria in the Ag-Sn-Se system were investigated

in several works since the 1960’s.[7–16] Ollitrault-Fitchet

et al.[14] presented the vertical section of the phase diagram

between Ag2Se-SnSe2 with one ternary intermetallic phase

Ag8Se6Sn, which melts incongruently at 735 �C and

undergoes a polymorphic transition at 83 �C. According to

Berger and Prochukhan,[10] the section Ag2Se-SnSe2 is not

quasi-binary and the compound Ag8Se6Sn melts congru-

ently at 754 �C. Yusibov et al.[8] proposed the section

Ag2Se-SnSe2 with two eutectic transitions at 495 and

722 �C based on differential thermal analysis (DTA). Pir-

ela et al.[16] reported the synthesis of the compound

Ag2SnSe3 with monoclinic structure. The section

Ag2Se-SnSe was studied in several works.[10,13,15] It was

supposed to be quasi-binary eutectic phase diagram section
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with the eutectic temperature reported at 551, 545, or

610 �C, respectively. According to Gorochov,[12] the section
Ag2Se-SnSe is not quasi-binary because the primary crys-

tallization field of metallic silver contacts its T–x plane.

Berger and Prochukhan[10] also presented the total T–x–y

diagram of the Ag-Sn-Se system, in which two ternary

compounds Ag8Se6Sn and AgSe2Sn were presented. On the

liquidus surface, the miscibility gap was detected.

Berger and Prochukhan[10] published several vertical

sections of the ternary Ag-Sn-Se system, along with the

sections Ag2Se-SnSe, Ag2Se-Ag8Se6Sn, Ag8Se6Sn-SnSe,

and Ag8Se6Sn-Se. The first two sections are of the eutectic

type, and the third is characterized by a monotectic equi-

librium and a degenerate eutectic equilibrium. The phase

equilibria in the composition region Ag-Ag2Se-Ag8Se6Sn-

SnSe-Sn were later presented by Gorochov[12] and are

somewhat different from Berger and Prochukhan’s

scheme.[10] Gorochov[12] indicated that there is a field in

the projection of the liquidus surface that cannot be

assigned to the primary crystallization of any of the phases

of the system. It must be noted that Berger and

Prochukhan[10] presented only two vertical sections (one of

which was constructed incompletely), whereas Goro-

chov[12] did not present any vertical section, which com-

plicates the analysis of the results of these works.

The Ag8Se6Sn-Se section was proposed by Yusibov

et al.[8] who presented a miscibility gap in the liquid phase

above a monotectic reaction at 600 �C. Yusibov et al.[8]

presented also an isothermal section at 27 �C, the liquidus

surface and a 3D projection of liquidus surface and surface

of separation of miscibility gap L1 ? L2. Ramakrishnan

et al.[7] published partial isothermal sections of the exper-

imental ternary phase diagram Ag-Se-Sn at 550 and

400 �C. The isothermal section at 250 �C was predicted

just from the Sn/Ag2Se diffusion couple experiments with

the annealing time 120 min. Two ternary phases, AgSe2Sn

and Ag8Se6Sn, were found and very limited solubility of

binary intermetallics was described.

Crystallographic data on ternary compounds in the Ag-

Sn-Se system are available in the literature.[12,17–19] The

high-temperature modification of Ag8Se6Sn crystallizes in

a cubic structure (space group F4-3m) with the lattice

parameter a = 1.112 nm,[12] and the low temperature

modification crystallizes in an orthorhombic system (space

group Pmn21) with the unit cell parameters

a = 0.79168 nm, b = 0.78219 nm and c = 1.10453 nm.[19]

A ternary phase AgSe2Sn has a NaCl-type cubic structure

with a lattice parameter of a = 0.5677 nm for the stoi-

chiometric composition.[18] Stable phases reported for Ag-

Se-Sn and its subsystems are listed in Table 1. The ther-

modynamic properties of silver and tin selenides were

determined by various electromotive force (EMF) meth-

ods[20–22] with comparable results.

2 Experimental

The overall compositions of experimental samples were

selected with the purpose to address questions in the

experimental phase diagrams not clearly answered as

mentioned above. Furthermore, it was our aim to determine

the complete isothermal phase equilibria for selected

temperatures. The prepared samples were analyzed and

characterized by different static and dynamic analytical

methods.

2.1 Sample Preparation

Samples were prepared from pure elements of 5N purity.

The mixture of pure elements was melted at temperatures

250, 350, ... to 950 �C in steps of 100 �C in evacuated

quartz glass ampoules to maximally prevent evaporation of

selenium. Finally, the samples were re-melted three times

in order to improve the homogeneity of the material. The

long-term annealing of the samples sealed in evacuated

quartz glass ampoules were performed at above defined

temperatures. Conventional low-temperature muffle resis-

tance furnace with controlled circulation of the air was

used for the heat treatment. Samples were long-term

annealed to achieve a state close to the thermodynamic

equilibrium. Annealing time was selected with respect to

annealing temperature. For the annealing temperature clo-

ser to the melting temperature shorter annealing time is

sufficient. Annealing was terminated by quenching of the

samples into cold water from their annealing temperatures

and sample were then prepared for further investigations.

Annealing times and temperatures are given in Table 2

together with experimental results.

2.2 Experimental Phase Diagram Investigation

A combination of dynamic and static methods was used for

the investigation of the phase diagram. Samples were

divided into several parts. The biggest part was fixed in the

resin, ground and metallographically polished with using

OPS suspension. Rest of the sample was powdered by

mortar and pestle for the powder X-ray diffraction XRD

measurement or analyzed by DTA. Phase equilibria,

microstructure and chemical analyses of phases and overall

compositions were performed using scanning electron

microscope combined with energy dispersive X-ray spec-

troscopy (SEM-EDX), employing either a SEM JEOL

JSM-6460 instrument equipped with an energy dispersive

detector (EDX) for quantitative analysis and Tescan LYRA

3 XMH FEG/SEM equipped with X-Max80 EDX detector

for X-ray microanalysis. Identification of phases present in

the long-term annealed samples was achieved using X-ray
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powder diffraction. Fine sample powders were produced by

powdering a representative part of the annealed sample in a

WC/Co mortar (Durit). A Bruker D8 diffractometer using

Cu Ka-radiation, equipped with a high-speed position

sensitive (PSD) detector (Lynxeye) was used in the h/2h
reflection setting. One-hour scanning time yielded high

intensity data (maximum peak intensity around 20,000

counts) suitable for detailed Rietveld refinement. Refine-

ments of selected diffraction patterns were performed with

the Topas software. Annealing temperature of the sample,

overall composition, coexisting phases and phase compo-

sitions of the concrete phases in the equilibrium are listed

in Table 2. Annealing temperature and number of the

sample are listed in column 1. Column 2 shows the

annealing time, column 3 the overall composition mea-

sured by SEM-EDX area scans of as big area as experi-

mental conditions allowed. Coexisting phases stable in the

samples are listed in column 4; columns 5–7 show the

composition of equilibrium phases existing in the samples

measured by SEM-EDX in same order as the phases are

mentioned in column 4.

Phase transition temperatures were measured using a

high-temperature DTA (NETZSCH Pegasus 404 C) with

samples placed in closed and evacuated quartz glass DTA

ampoules. Closed ampoules were used to limit uncon-

trolled Se evaporation during the measurement and con-

tamination of the inner parts of the instrument. The DTA

was calibrated using a set of pure metal standards having

well-defined melting temperatures (Sn, Al, Zn, Cu, Ag,

Au). Calibration was carried out under the same conditions

as the experimental measurements. Three heating and

cooling runs were performed for each sample. Thermal

analysis results for measured samples are listed in Table 3.

3 Results and Discussion

It was possible to draw complete isothermal sections of

ternary phase diagram Ag-Se-Sn at 250, 400 and 550 �C,
respectively, from experimental results listed in Table 2.

The results for these sections are described in detail below.

The shape of the phase boundaries and phase fields not

defined by our own samples were drawn based on infor-

mation from binary subsystems, phase rules and data

published by Ramakrishnan et al.[7] or Yusibov et al.[8].

Our results generally agree well with the phase diagrams

published by Ramakrishnan et al.[7] and Yusibov et al.[8]

but contain some additional clarification and improvement

of areas, which were not investigated in detail in the pre-

vious studies.

3.1 Isothermal Section at 250 �C

The isothermal section of the experimental phase diagram

Ag-Se-Sn at 250 �C is shown in Fig. 1. Due to the low

melting point of pure tin (231.9 �C) and selenium

(220.8 �C), two liquid phases, labeled as Liquid (Se) and

Liquid (Sn) were observed in this section. Five binary

phases, Ag2Se, f_Ag4Sn, e_Ag3Sn, SeSn and Se2Sn

respectively, are stable at 250 �C. All these binary phases

have negligible solubility of the third element in their

structures. Two ternary phases, AgSe2Sn and Ag8Se6Sn,

are stable at 250 �C. AgSe2Sn is line compound which

Table 1 Stable phases in Ag-Se-Sn ternary phase diagram and lower subsystems

Phase name (this work) Common names Pearson symbol Space group T range, �C phase transition References

a (Ag) Silver cF4 Fm-3m \ 961.8 23

a (Se) Selenium hP3 P3121 \ 220.8 24

b (Sn) White tin tI4 I41/amd 13.2-231.9 25

a (Sn) Grey tin cF8 Fd-3m \ 13.2 26

b_Ag2Se Ag2Se_HT cI** Im-3m 130–910 congruent 27

a _Ag2Se Ag2Se_LT o** P212121 \ 130 polymorphic 28

f Ag4Sn hP2 P63/mmc \ 724 peritecitc 29

e Ag3Sn oP8 Pmmn \ 480 peritectic 30

SeSn_ht SeSn (b) oC8 Cmcm 520.2–873.7 congruent 31

SeSn_lt SeSn (a) oP8 Pnma \ 526.3 polymorphic 32

Se2Sn hP3 P-3m1 \ 647 congruent 33

AgSe2Sn AgxSe2Sn(1-x), c Fm-3m \ 587 peritectic 8, 18

Ag8Se6Sn Ag8Se6Sn_II F4-3m 58–752 congruent 12

Ag8Se6Sn_lt Ag8Se6Sn_I Pmn21 \ 58 polymorphic 19
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Table 2 Chemical phase composition of the long-term annealed representative samples determined by SEM/EDX.

T,

�C_No.
Annealing

time, h

Overall

composition, at.%

Coexisting phases Phase 1, at.% Phase 2, at.% Phase 3, at.%

Se Ag Sn Se Ag Sn Se Ag Sn Se Ag Sn

250_1 1420 6.7 38.7 54.6 e ? SeSn ? Liq (Sn) 0.4 75.4 24.2 48.7 0.1 51.2 0.1 3.6 96.3

250_2 1420 3.6 73.8 22.6 SeSn ? f 49.1 1.0 49.9 0.3 78.6 21.1

250_3 1420 34.6 58.3 7.1 (Ag) ? SeSn ? Ag2Se 1.2 93.4 5.4 48.9 1.2 49.9 32.9 67.1 0

250_4 1420 54.9 5.2 39.9 Se2Sn ? SeSn ? AgSe2Sn 66.2 0.2 33.6 49.7 0.1 50.2 50.0 21.2 28.8

250_5 1550 33.7 60.7 5.6 Ag2Se ? SeSn 32.8 67.2 0 49.1 1.1 49.8 … … …
250_6 1550 52.0 23.5 24.5 Ag8Se6Sn ? Se2Sn ? AgSe2Sn 53.6 33.6 12.8 64.8 3.2 32.0 48.9 26.3 24.8

250_7 1550 48.1 26.1 25.8 AgSe2Sn ? Ag8Se6Sn 48.4 25.8 25.9 40.7 50.4 9.0 … … …
250_8 1550 60.6 26.1 13.3 Ag8Se6Sn ? Se2Sn ? Liq (Se) 53.7 34.1 12.2 67.0 0.2 32.8 98.3 0.6 1.1

250_9 1550 61.9 14.2 23.9 Ag8Se6Sn ? Se2Sn ? Liq (Se) 50.0 38.0 12.0 65.6 0.1 34.3 n.a. n.a. n.a.

250_10 1550 42.9 34.9 22.2 Ag8Se6Sn ? SeSn 39.9 52.4 7.7 49.6 1.2 49.2 … … …
250_11 1550 36.4 60.7 2.9 Ag2Se ? Ag8Se6Sn 33.3 66.7 0 56.3 33.2 10.5 … … …
400_1 1035 11.6 11.6 76.8 SeSn ? Liq (Sn) 49.3 0.1 50.6 0.2 15.4 84.4 … … …
400_2 1035 3.7 76.5 19.8 f ? SeSn 0.5 81.7 17.8 49.6 0.5 49.9 … … …
400_3 1035 8.4 46.3 45.3 e ? SeSn ? Liq (Sn) 0.3 75.3 24.4 49.3 0.2 50.5 0.0 24.8 75.2

400_4 1035 55.4 4.3 40.3 Se2Sn ? SeSn ? AgSe2Sn 65.9 0.2 33.9 49.3 0.3 50.4 49.7 21.9 28.4

400_5 1035 33.1 64.0 2.9 Ag2Se ? SeSn ? (Ag) 32.5 67.5 0 48.6 0.7 50.7 0.6 93.4 6.0

400_6 1050 6.1 77.7 16.2 f ? SeSn 0.5 87.2 12.3 49.6 0.4 50.0 49.6 0.4 50.0

400_7 1050 48.2 25.8 26.0 AgSe2Sn ? Ag8Se6Sn 49.4 24.9 25.7 41.8 50.9 7.3 … … …
400_8 1050 43.8 25.1 31.0 Ag2Se ? SeSn ? Ag8Se6Sn 33.3 66.7 0.0 49.5 0.3 50.1 39.8 53.9 6.3

400_9 1050 54.8 27.9 17.3 Liq(Se) ? Ag8Se6Sn ? Se2Sn 99.3 0.0 0.7 42.8 45.6 11.7 66.2 0.2 33.6

400_10 1050 60.8 9.1 30.1 Se2Sn ? Ag8Se6Sn 66.1 0.2 33.7 43.1 45.6 11.3 … … …
400_11 1050 49.2 28.9 21.9 AgSe2Sn ? Se2Sn ? Ag8Se6Sn 49.3 25.5 25.2 65.5 0.9 33.6 42.6 44.8 12.6

550_1 900 7.2 12.1 80.7 SeSn ? Liq (Sn) 49.7 0.0 50.3 0.5 14.3 85.2 … … …
550_2 900 4.5 73.6 21.9 SeSn ? f 49.6 0.4 50.0 0.3 80.2 19.5 … … …
550_3 900 15.5 64.8 19.7 Ag ? SeSn ? Liq (T) 0.5 87.5 12.0 37.2 48.3 14.5 48.9 0.7 50.4

550_4 900 33.6 63.3 3.1 Ag2Se ? Liq (T) 33.1 66.8 0.1 36.4 51.6 12.0 … … …
550_5 900 8.0 39.6 52.4 SeSn ? Liq (Sn) 49.4 0.1 50.5 0.2 46.8 53.0 … … …
550_6 900 56.2 3.9 39.9 Se2Sn ? SeSn ? AgSe2Sn 66.6 0.2 33.2 49.9 0.2 49.9 50.5 16.0 33.5

550_7 1010 18.2 77.4 4.4 Ag2Se ? (Ag) 32.6 67.4 0.0 0.6 90.5 8.9 … … …
550_8 1010 33.9 63.8 2.3 Ag2Se ? Liq(T) ? (Ag) 33.1 66.9 0.0 37.2 49.2 13.6 0.7 90.1 9.2

550_9 1010 49.3 25.0 25.7 AgSe2Sn ? Liq (T) 49.7 22.3 28.0 48.7 30.8 20.5 … … …
550_10 1010 56.2 22.5 21.3 Se2Sn ? Liq (T) 66.2 0.2 33.6 54.2 28.9 16.9 … … …
550_11 1010 62.3 19.1 18.6 Liq (Se) ? Se2Sn ? Liq (T) 97.5 0.1 2.4 66.5 0.1 33.4 … … …
550_12 1010 54.9 35.3 9.8 Liq (Se) ? Ag8Se6Sn ? Liq (T) 97.1 1.6 1.3 40.0 53.3 6.7 56.5 30.8 12.7

Table 3 General results of

Rietveld refinements for

samples 250_10 and 250_9

Sample name 250_10 250_9

Method Full profile Rietveld refinement

2H range 10�–92�
Phases (% of refined pattern) Ag8Se6Sn (49.1%) Ag8Se6Sn (54.0%)

SnSe (47.3%) SnSe2 (43.2%)

Ag2Se (3.6%) Se (2.8%)

Residual values (Rp/Rwp) 5.90/7.80 9.75/13.18
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contains constant amount of Se and lies between Ag24-
Se50Sn26 and Ag22Se50Sn28. The ternary phase Ag8Se6Sn is

almost a line compound with a homogeneity range between

the approximate compositions Ag52.5Se39.3Sn8.2 and

Ag35.5Se54.2Sn10.3, in contrast to the work of Ramakrishnan

et al.[7] where the Ag8Se6Sn phase is proposed to be stoi-

chiometric. Our results were confirmed by the X-ray and

compositional analysis. Figures 2 and 3 show the micro-

graphs of samples 250_9 and 250_10 containing Ag8Se6Sn

from Se-rich and Se-poor limit of the ternary intermetallic

phase stability range. Figures 4 and 5 present the XRD

patterns of the same samples. Ag8Se6Sn was exclusively

found in the orthorhombic low temperature form, which is

in contrast to the transition temperature of 58 �C proposed

in Gulay et al.[19].

The unexpected wide homogeneity range of Ag8Se6Sn

required careful Rietveld refinement in order to crosscheck

the results from SEM/EDX and XRD, and to develop a

Fig. 1 Isothermal section of the

Ag-Se-Sn experimental phase

diagram at 250 �C with

superimposed overall

composition of two-phase

samples (half-solid rectangle)

and three-phase samples (solid

triangle).

Fig. 2 Microstructure of the sample 250_9 in BSE mode, consisting

of Ag8Se6Sn ? Se2Sn

Fig. 3 Microstructure of the sample 250_10 in BSE mode, consisting

of Ag8Se6Sn ? SeSn

36 J. Phase Equilib. Diffus. (2022) 43:32–42
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reasonable defect model for this compound. The Ag-rich

side of the observed homogeneity range (Ag52.5Se39.3Sn8.2)

agrees very well with the values expected from the

chemical formula Ag8Se6Sn (= Ag53.3Se40Sn6.7). Compo-

sition data determined from EDX show a drastic decrease

of Ag and a slight increase of Sn on the Se-rich side. As a

substitution of Ag by Se can be ruled out from a chemical

point of view, vacancies on the metal sites are the most

plausible explanation for observed homogeneity range. At

the same time, some substitution of Ag by Sn is expected to

explain the increase of Sn on the Se-rich side. In order to

check this hypothesis, a corresponding site occupation

model was tested with Rietveld refinement on the two

samples 250_10 and 250_9 stemming from the Ag- and Se-

rich side of the homogeneity range. General refinement

data and detailed crystallographic parameters observed for

the Ag8Se6Sn phase are given in Tables 3 and 4.

Both samples contain around 50% Ag8Se6Sn together

with a tin-selenide and traces of an impurity phase. Given

the quality of the data (multiphase sample) and the com-

plexity of the involved crystal structures, the following

restrictions were chosen during refinement:

• the individual atomic positions (x,y,z) were refined in

an initial step and then fixed for further refinements

• only one common thermal displacement factor (Beq)

was refined for all metal positions (Ag1-5 and Sn1), and

another common one for all Selenium positions (Se1-5)

• Vacancies were introduced on all metal sites by refining

individual occupation factors for Ag1-5 and Sn1, and

the occupation factors of Se-positions were fixed to 1.

• the Ag/Sn ratio on the metal sites was not refined,

because it is impossible to refine a mixture of Ag, Sn

and vacancies at a single site unambiguously.

Treating both samples with this method using the

exactly the same procedure yielded the results summarized

in Tables 3 and 4. It is obvious, that the results support the

initial hypothesis, as sample 250_10 (Ag-rich) does not

Fig. 4 XRD pattern of sample 250_10 containing SnSe, Ag-rich

Ag8Se6Sn and traces of Ag2Se. A minor unidentified peak at 14.43� is
marked by a blue line. Blue Circles: experimental data; red line:

calculated pattern after Rietveld refinement, blue line: calculated

pattern of the phase Ag8Se6Sn; grey line: difference between

calculated and refined pattern. The color code of the hkl-ticks below

corresponds to the legend showing the percentage of calculated peak

area for the different phases.

Fig. 5 XRD pattern of sample 250_9 containing SnSe2, Se-rich

Ag8Se6Sn and traces of Se. Blue Circles: experimental data; red line:

calculated pattern after Rietveld refinement; green line: calculated

pattern of the phase Ag8Se6Sn; grey line: difference between

calculated and refined pattern. The color code of the hkl-ticks below
corresponds to the legend showing the percentage of calculated peak

area for the different phases.
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show significant amounts of vacancies, while sample

250_9 (Se-rich) shows a drastic decrease of metal site

occupations to 0.22–0.88. Calculating the refined compo-

sitions based on this model and comparing this with the

phase compositions determined by SEM/EDX, we reach

reasonable agreement. The SEM/EDX phase composition

for sample 250_10 is Ag52Sn8Se40, which is in good

agreement with Ag52Sn6Se42 obtained by Rietveld refine-

ment. For sample 250_9 we obtain Ag38Sn12Se50 from

SEM/EDX, which is again in good agreement with

(Ag,Sn)50Se50 obtained by Rietveld refinement. Note that

in this case noticeable Ag/Sn substitution has to be

assumed. Refinement was not possible for the reason

explained above.

We conclude that the hypothesis of vacancies on the

metal sites in combination with Ag/Sn substitution gives a

reasonable explanation for the observed homogeneity

range of Ag8Se6Sn. However, additional XRD investiga-

tions on single crystals or pure single-phase samples would

be helpful to further refine the mechanism of nonstoi-

chiometry. In particular, the almost constant lattice

parameters within the homogeneity range requires struc-

tural explanation.

3.2 Isothermal Section at 400 �C

The isothermal section of the experimental phase diagram

Ag-Se-Sn at 400 �C is shown in Fig. 6. Two independent

liquid phases, labeled as Liquid (Se) and Liquid (Sn) exist

at this temperature. Five binary phases, Ag2Se, f_Ag4Sn,
e_Ag3Sn, SeSn and Se2Sn respectively, are stable at

400 �C. These binary phases have again very limited sol-

ubility of the third element in their structures. The two

ternary phases AgSe2Sn and Ag8Se6Sn are stable at

400 �C. AgSe2Sn is a line compound with a homogeneity

range between Ag25.2Se49.3Sn25.5 and Ag21.9Se49.8Sn28.3, a

slightly larger than the homogeneity range at 250 �C. The
ternary phase Ag8Se6Sn is almost a line compound with a

Table 4 Crystallographic

parameters for the phase

Ag8Se6Sn obtained from

Rietveld refinements.

Sample Lattice parameters, nm Crystallite size (Lorenzian), nm

250_10 a = 0.7917(1) b = 0.7824(1) c = 1.1057(1) 93(2)

Site Multiplicity x y z Atom Occupation Beq

Ag1 4 0.19814 0.53656 0.28560 Ag 0.918(18) 3.50(17)

Ag2 4 0.19800 0.10517 0.87164 Ag 0.936(20) 3.50(17)

Ag3 4 0.18199 0.14768 0.16424 Ag 0.926(18) 3.50(17)

Ag4 2 0.00000 0.61812 0.05300 Ag 0.932(22) 3.50(17)

Ag5 2 0.00000 0.72047 0.48126 Ag 0.942(23) 3.50(17)

Sn1 2 0.00000 0.25647 0.51899 Sn 0.950(25) 3.50(17)

Se1 4 0.24398 0.75737 0.89661 Se 1 0.46(20)

Se2 2 0.00000 0.00401 0.66926 Se 1 0.46(20)

Se3 2 0.00000 0.50924 0.65009 Se 1 0.46(20)

Se4 2 0.00000 0.80760 0.25508 Se 1 0.46(20)

Se5 2 0.00000 0.30083 0.99235 Se 1 0.46(20)

Sample Lattice parameters, nm Crystallite size (Lorenzian), nm

250_9 a = 0.7918(1) b = 0.7821(1) c = 1.1056(1) 52(2)

Site Multiplicity x y z Atom Occupation Beq

Ag1 4 0.16632 0.56346 0.29004 Ag 0.878(38) 0.92(29)

Ag2 4 0.24596 0.09890 0.89683 Ag 0.651(30) 0.92(29)

Ag3 4 0.21382 0.19858 0.18517 Ag 0.638(27) 0.92(29)

Ag4 2 0.00000 0.72770 0.08912 Ag 0.221(32) 0.92(29)

Ag5 2 0.00000 0.75388 0.55814 Ag 0.755(42) 0.92(29)

Sn1 2 0.00000 0.33051 0.55875 Sn 0.617(36) 0.92(29)

Se1 4 0.22329 0.76194 0.95161 Se 1 2.49(47)

Se2 2 0.00000 0.99301 0.70021 Se 1 2.49(47)

Se3 2 0.00000 0.52670 0.70340 Se 1 2.49(47)

Se4 2 0.00000 0.96290 0.15449 Se 1 2.49(47)

Se5 2 0.00000 0.33360 0.02921 Se 1 2.49(47)
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homogeneity range between the approximate compositions

Ag52Se40Sn8 and Ag45Se45Sn10 which is less pronounced

than at 250 �C. Ramakrishnan et al.[7] again proposed the

Ag8Se6Sn phase without any solubility in whole tempera-

ture range of stability. Figures 7 and 8 show the micro-

graphs containing Se-rich Ag8Se6Sn.

3.3 Isothermal Section at 550 �C

The proposed isothermal section of the experimental phase

diagram Ag-Se-Sn at 550 �C is presented on Fig. 9. Like

the sections at 250 and 400 �C two independent liquid

phases, labeled as Liquid (Se) and Liquid (Sn) exist at this

temperature. An additional liquid region was found in the

central part of the phase diagram. Ramakrishnan et al.[7]

did not proposed this liquid phase at 550�C in their

isothermal section but they had no samples and conse-

quently experimental results in the Se-rich part of phase

diagram. The existence of a stable liquid region is sup-

ported by our DTA measurements (see Table 3) and agrees

well to the quasi-binary phase diagrams published by

Yusibov et al.[8]. They proposed the ternary eutectic point

with a composition of Ag28.5Se52.5Sn19 and the eutectic

temperature equal to approximately 470 �C. Four binary

phases, Ag2Se, f_Ag4Sn, SeSn and Se2Sn respectively are

Fig. 6 Isothermal section of the

Ag-Se-Sn experimental phase

diagram at 400 �C with

superimposed overall

composition of two-phase

samples (half-solid rectangle)

and three-phase samples (solid

triangle).

Fig. 7 Microstructure of the sample 400_10 in BSE mode, consisting

of Ag8Se6Sn ? Se2Sn

Fig. 8 Microstructure of the sample 400_11 in BSE mode, consisting

of AgSe2Sn ? Se2Sn ? Ag8Se6Sn
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stable at 550 �C. These binary phases have almost no solu-

bility of third elements in their structures. Two ternary

phases, AgSe2Sn and Ag8Se6Sn, are stable at

550 �C. AgSe2Sn exists between Ag22.2Se49.6Sn28.2 and

Ag15.8Se50.7Sn33.4. This homogeneity range is wider in com-

parison to lower temperatures. The ternary phase Ag8Se6Sn is

almost stoichiometric at 550�C. Figures 10 and 11 show the

micrographs containing the intermediate liquid region.

3.4 Thermal Analysis

Temperatures of phase transitions were studied experi-

mentally by DTA in calorimeter for the simultaneous

thermal analysis NETZSCH Pegasus 404 C. Measured part

of sample was put in evacuated quartz glass DTA ampoule

due to the possible of uncontrolled evaporation of selenium

into the calorimeter. Measurement was done under an

argon flow of 50 ml min-1. Heating and cooling rates of

each run were 5 �C min-1. Three runs were performed for

each sample; the thermal effects during the first heating run

are listed in Table 5. Second and third heating runs did not

Fig. 9 Isothermal section of the

Ag-Se-Sn experimental phase

diagram at 550 �C with

superimposed overall

composition of two-phase

samples (half-solid rectangle)

and three-phase samples (solid

triangle).

Fig. 10 Detail of the microstructure of the sample 550_8 in BSE

mode consisting of phase Ag2Se ? Liq(T)
Fig. 11 Microstructure of the sample 550_13 in BSE mode

consisting of AgSe2Sn?Liq (T)
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show any additional effect. Small differences between the

first and subsequent heating and cooling curves are caused

by changes in the shape of the sample following initial

melting. Temperature of phase transition in solid phase was

evaluated as onset of peak, liquidus was evaluated as a

minimum of a peak. Results of the DTA 1st heating of the

sample with composition 22.5Ag-59.2 at.%Se-Sn are pre-

sented in Fig. 12. Signals correspond to the temperature

of the phase transitions: Ag8SnSe6 ? SnSe2 ? Se ?
Ag8Se6Sn ? SnSe2 ? Liq(Se) (217.7 �C); Ag8Se6Sn ?

SnSe2 ? Liq(Se) ? SnSe2 ? Liq(Se) ? Liq (T) (488.7 �C);
SnSe2 ? Liq(Se) ? Liq (T) ? SnSe ? Liq (T) (540.0 �C).
These temperatures correspond well to the results of DTA

measurements published by Yusibov et al.[8]. Composition

of the samples was checked after DTA measurement to

make certain that the sample did not react with the SiO2

material of the ampoules and the extent of the evaporation

of Se was found acceptable. Thermal analysis results are

listed in Table 5.

4 Conclusions

Although the Ag-Se-Sn phase diagram was published

recently, some of the complex phase equilibria were not

well described. This work was designed to contribute to a

better understanding of not clearly described parts of the

phase diagram that needed refinement. The experimental

studies were carried out at temperatures 250, 400 and

550 �C. Isothermal sections of ternary phase diagram Ag-

Se-Sn were obtained by a combination of standard meth-

ods: overall and phase compositions of samples were

measured using SEM-EDX, the temperatures of phase

transitions by DTA measurements in evacuated quartz-

glass DTA ampoules. The crystal structures were identified

by XRD. Huge solubility of selenium in the ternary inter-

metallic phase Ag8Se6Sn was observed at 250 �C
[x(Se) = 0.399–0.536]. Its solubility at 400 �C is much

lower [x(Se) = 0.40–0.442] than at 250 �C and finally the

Ag8Se6Sn phase seems to be almost stoichiometric and

close to complete melting [x(Se) = 0.40] at 550 �C. The
ternary phase AgSe2Sn exhibits an extending region of

stability with increasing temperature. It contains constant

content of Se (within experimental errors) and variable

content of Sn and Ag x(Sn) = 0.268–0.283 at 250 �C and

x = 0.284–0.334 for 550 �C. The polymorphic phase

transition between Ag8Se6Sn and Ag8Se6Sn_lt does not

happen at the proposed temperature. Only the low-tem-

perature modification of the ternary phase Ag8Se6Sn

(Pmn21) was found in whole studied temperature range.

Intermediate liquid region was found at 550 �C in

contrast to the recently published isothermal sections of

phase diagram at 550 �C in Ramakrishnan et al.[7]. Nev-

ertheless, this result agrees well with the previously

Table 5 Temperature of phase

transitions measured by DTA
Nominal comp., at.% Thermal effects (heating), �C

Se Ag Sn Liquidus Solidus Invariant transition other transitions

6.7 38.7 54.7 762.4 756.7 219.8 474.0

2.5 72.7 24.8 758.0 660.9; 485.2 551.0; 135.7

3.6 73.8 22.6 678.0 661.0 551.5; 484.7; 131.5

59.2 22.5 18.3 488.7 217.7, 80.6 540

7.3 34.9 57.8 785 766.4 550.0; 219.9 665.0; 468.0

Fig. 12 The 1st DTA heating

curve of the 22.5Ag-

59.2 at.%Se-Sn sample.

Measurement conditions:

sample was placed in sealed

evacuated quartz-glass ampoule,

measurement under inert

atmosphere of 5N Ar

50 ml min-1, heating rate 5 �C
min-1.
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published liquidus surface and vertical sections in Yusibov

et al.[8] and Ollitrault-Fitchet et al.[14].
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Abstract CALPHAD-type theoretical assessment of the

Pb-Se-Sn system was carried out. This assessment is part of

a larger project aimed at developing an Ag-Pb-Se-Sn-Te

thermodynamic database which should serve for the

development of materials for thermoelectric applications.

The experimental results from the literature were used but

they are quite sparse and significant inconsistencies have

been found between experimental data published by vari-

ous authors, especially in the Se-rich regions. In general, a

reasonable agreement was obtained for the theoretical and

experimental sections of the phase diagram and for the

enthalpies of mixing of the liquid phase in the region with

low selenium content, but the agreement is rather qualita-

tive in the Se-rich region.

Keywords CALPHAD � critical reassessment � Pb-Se-Sn
phase diagram � ternary liquid phase

1 Introduction and Literature Review

Phase diagrams of thermodynamic systems are a crucial

tool for the description as well as understanding of

behavior and properties of both simple and

multicomponent systems. As such they are important for

the development of new advanced materials and possible

prediction of their materials properties. Detailed knowl-

edge about the coexistence and stability of phases in

stable or metastable equilibrium significantly rationalizes

the design and preparation of complex materials with

desired properties. Because experimental studies of multi-

component phase diagrams are very time consuming, and

the extent of experimental work can be overwhelming,

theoretical modelling of multicomponent phase diagrams is

a very useful tool for materials development.

Interest in Se-based alloys has recently been renewed

due to their possible importance in thermoelectric appli-

cations.[1–5] The Pb-Se-Sn ternary system has been studied

since the 1960s but there are still significant discrepancies

in the results from different authors. A more detailed lit-

erature review is given below.

Wolley and Berolo[6] proposed a pseudobinary section

PbSe-SeSn in their paper based on x-ray powder analysis.

Strauss[7] experimentally studied the PbSe-SeSn section in

the higher temperature range 700-1100 �C by thermal

analysis and directly from as-cast samples (directly frozen

ingots). Dal Corso et al.[8] pointed to inconsistencies in

previous works and published vertical sections PbSe-SnSe

and PbSe-SnSe2 respectively in the whole temperature

range based on a combination of previous experimental

results from thermal analysis (DTA, DSC), microstructural

observations and their own experimental results. They

proposed stabilization of the phase SeSn-b (high-temper-

ature polymorph of SnSe intermetallic phase) to a lower

temperature (approx. 425 �C) in the presence of lead and

suggested significant solubilities of third elements in both

PbSe and the SnSe family of intermetallic phases.

The experimental Pb-Se-Sn phase diagram has been

published recently by Chen et al.,[3] namely isothermal
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sections for 350 and 500 �C. They did not observe any

ternary phase in this system. The huge solubility of the

third element was also observed in this work in the binary

intermetallic phases PbSe and SeSn at the temperatures 350

and 500 �C in agreement with the work of Dal Corso

et al.[8] Chen et al.[3] identified one polymorph of the

binary intermetallic phase SeSn at both studied tempera-

tures, probably low temperature SeSn-a. Nevertheless, this
finding does not contradict the previous result of Dal Corso

et al.[8] Only two samples have been studied in the region

where the phase change should appear, and it is not easy to

distinguish between the two phases.

Partial liquidus surface was studied by Zlomanov

et al.[9] and the liquidus surface in the whole concentration

range was presented by Saveliev et al.[10] Experimentally

measured enthalpies of mixing in liquid at 763, 845 and

970 �C were published by Kotchi et al.[11]

An attempt to theoretically model a part of the Pb-Se-Sn

phase diagram was made by Laugier et al.[12] who applied a

regular associated solution model to calculate the T-x

ternary liquid-solid phase equilibrium of the PbSe-SnSe

section of the phase diagram and the liquid surface of the

Pb-Se-Sn system. Good agreement with experiments was

obtained for the liquid-solid equilibrium between liquid

and PbSe intermetallic phase with rocksalt structure. Full

thermodynamic CALPHAD-based assessment of the tern-

ary phase diagram has not yet been published up to now.

The phases existing in the Pb-Se-Sn system together

with their crystallographic structures are listed in the

Table 1.

2 Thermodynamic Modelling

The CALPHAD approach[14,15] was used for thermody-

namic modelling and calculation of phase diagrams. The

compositions of phases in equilibrium correspond to the

minimum total Gibbs energy of a closed system at constant

temperature and pressure. Calculations were performed

using Thermo-Calc[16] and Pandat[17] software, which solve

the constrained minimization problem to determine the set

of non-negative number of individual components in

equilibrium phases. The Gibbs energies are considered

relative to the Standard Element Reference state (SER).

The Gibbs energy data for pure elements were taken from

the SGTE database for pure elements ver. 5.0.[18]

2.1 The Solution Phases

The Gibbs energies of terminal solid solutions were mostly

modelled using a substitutional model with one sublattice.

The substitutional solution model with associates was

used for the thermodynamic description of the molar Gibbs

energy of the liquid phase. It assumes mutual mixing of

three elements Pb, Se, Sn and two associates PbSe and

SeSn (in agreement with the models for liquid in the

respective binary subsystems)

The molar Gibbs energy of the solution phase a is

expressed as:

Ga
m T; xað Þ ¼ 0 Ga

m Tð Þ þ id Ga
m T ; xað Þ þ E Ga

m T; xað Þ
ðEq 1Þ

where the first term is the molar reference Gibbs energy,

which is the weighted sum of the Gibbs energies of the

system constituents i in the crystallographic structure of the

phase a or in the liquid state relative to the selected ref-

erence state.

The second term of Eq 1 is the contribution to the total

Gibbs energy resulting from the ideal mixing of the con-

stituents in the crystal lattice of the phase a or in the liquid,

where n is the number of constituents Eq 2.

idGa
m ¼ RT

Xn

i¼1

xi � ln xið Þ ðEq 2Þ

Third term, the excess Gibbs energy EGa
m, describes the

influence of the non-ideal behaviour of the system on the

thermodynamic properties of the phase and is given by the

Redlich-Kister-Muggianu formalism.[19,20]

Table 1 The crystallographic

structure of phases existing in

the system

Common phase name Phase name in database Pearson symbol Structure type Ref.

(Pb) FCC_A1 cF4 Pb Ref 22

(Se) HEX_A8 hP3 Se Ref 13

(bSn) BCT_A5 tI4 bSn Ref 13

(aSn) DIAMOND_A4 cF8 C(diamond) Ref 13

PbSe PBSE cF8 NaCl Ref 22

Se2Sn SE2SN hP3 CdI2 Ref 13

SeSn-a SESN_ALPHA oP8 GeS Ref 13

SeSn-b SESN_BETA oC8 CrB Ref 13
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EGa
m ¼

Xn

i; j ¼ 1

i 6¼ j

xixj
Xm

z¼0

zLi;j xi � xj
� �

þ
Xn�2

1

Xn�1

j¼iþ1

Xn

k¼jþ1

xi � xj

� xk � Li;j;k
ðEq 3Þ

where zLi,j are the temperature dependent binary interac-

tion parameters describing the mutual interaction between

constituent i and j, and Li,j,k is the interaction parameter

describing the possible ternary interactions. Their temper-

ature dependence is usually defined as:

L Tð Þ ¼ a þ bT þ cT ln Tð Þ ðEq 4Þ

The substitutional solid solution phases of the elements

b-Sn (bct_A5), a-Sn (diamond_A4) and Se (hexago-

nal_A8) were modelled by solid solution model described

above. With respect to very low solubilities of other ele-

ments (especially Se) in the terminal solid solutions, the

substitutional solid solution model for (b-Sn) was defined
as (PB, SN)1 and no solubility of other elements were

assumed for (a-Sn) and (Se).

The substitutional model with associates for liquid used

in the database is labelled LIQUID and defined as (PB,

PBSE, SE, SN, SNSE)1.

The Pb (fcc_A1) terminal solid solution was modelled

by two-sublattice interstitial solid solution model. This

model assumed that the metallic elements could substitute

each other in the metal sublattice, and interstitial elements

and vacancies exist in the interstitial sublattice. Because

there are no interstitial elements in this system, the model

corresponds from the practical point of view to the above

shown substitutional model, nevertheless this model is

selected to be consistent with other databases containing

the fcc_A1 phase. The specific model for the solid solution

fcc_A1 (Pb) in the database was therefore named FCC_A1

and defined as (PB,SN)1(VA)1.

2.2 Intermetallic Phases

The Pb-Se-Sn ternary system contains 4 intermetallic

phases (PbSe, SeSn-a, SeSn-b, Se2Sn), which are stoi-

chiometric in binary systems but exhibit the solubility of

the third element in their structures in the ternary system.

The Compound Energy Formalism is used to model

intermetallic phases. Basic principles for the case of two

sublattices are shown here, as two-sublattice models were

used in this assessment. Details of this approach can be

found e.g. in Ref 14,15

In the case of the PbSe phase each sublattice is occupied

by one basic element and Sn substitutes Pb in the relevant

sublattice ((PB, SN)1(SE)1). The name of the phase is

PBSE in the database. Similarly, Pb substitutes Sn in the

SeSn family of phases and the Se2Sn phase ((SE)0.5(PB,

SN)0.5 and (SE)0.66667(PB, SN)0.33333, respectively).

The names of the phases are SESN_ALPHA, SESN_BETA

and SE2SN in the database.

The reference Gibbs energy corresponding to the Eq 1

for constituents i and j is given as:

Ga
ref ¼

X
1yi � 2yj � 0G i:jð Þ ðEq 5Þ

where the pyi terms are the site fractions of each con-

stituent in the sublattice 1 or 2. The term G(i:j) describes

the Gibbs energy of formation of the so-called ‘‘end

member’’ ij.

The ideal mixing term is given by

Ga
id ¼

X2

p¼1
fp �

Xn

i¼1

pyi � ln pyið Þ ðEq 6Þ

where fp is the stoichiometric coefficient for a sublattice p

and the second sum describes the effect of the ideal mixing

within the sublattice p. The contribution of the excess

Gibbs energy for the two-sublattice model with three

constituents i, j, k is defined as:

Ga
E ¼

X
1yi � 1yj � 2ykL i;j:kð Þ þ

X
1yi � 2yk � 2ylL i:k;lð Þ

ðEq 7Þ

where

L i;j:kð Þ ¼
X

z

zL i;j:kð Þ � yi � yj
� �z ðEq 8Þ

The parameters zLi,j:k describe the mutual interaction of

constituents i and j in the first sublattice when the second

sublattice is fully occupied by constituent k. This descrip-

tion can be extended to any number of sublattices.

The individual models of intermetallic phases are listed

in the Table 2. The two-sublattice model is used for all

phases.

2.3 Binary Systems

Binary data of constituting subsystems are necessary for

modelling the ternary system and they are used for ternary

extrapolation of the Pb-Se-Sn system. The prediction pro-

vides us with basic knowledge about the phase equilibria in

the system but cannot provide information about the sol-

ubility of the third element in the binary phases or the

existence of a possible ternary phase. Thermodynamic

descriptions of binary subsystems are known and accepted

from the literature.

Se-Sn binary phase diagram was published by Feute-

lais et al.[21] It contains a family of intermetallic phases
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Table 2 Thermodynamic parameters for optimized phases in the Pb-Se-Sn ternary system and binary subsystems

Phase name (Sublattice model) Parameter Value Ref.

LIQUID (PB,PBSE,SE,SESN,SN) 0GLIQ
PbSe - 91032.45 ? 29.88*T ? GLIQ

Pb ? GLIQ
Se Ref 22

0GLIQ
SnSe - 134591.86 ? 278.59972*T - 32.99*T*ln(T) ? GLIQ

Pb?GLIQ
Se Ref 21

0LLIQ
Pb,Sn ?6204.5-0.67981*T Ref 23

1LLIQ
Pb,Sn ? 791.7 - 1.5219*T Ref 23

0LLIQ
Pb,PbSe ? 19500.32 Ref 22

1LLIQ
Pb,PbSe - 1003.26 ? 0.58*T Ref 22

2LLIQ
Pb,PbSe ? 8352.21 - 5.64*T Ref 22

0LLIQ
PbSe,Se ? 17503.24 - 7.95*T Ref 22

1LLIQ
PbSe,Se ? 4201.24 - 6.42*T *

2LLIQ
PbSe,Se ? 16498.24 - 3.61*T Ref 22

0LLIQ
Se,SnSe ? 15432.8 - 19.06391*T Ref 22

1LLIQ
Se,SnSe ?8995.55 Ref 21

0LLIQ
Sn,SnSe ? 43462.43 - 21.6074*T Ref 21

1LLIQ
Sn,SnSe - 1032.5 Ref 21

0LLIQ
PbSe,Se,SnSe ? 1.916923E ? 05 - 307.69*T *

1LLIQ
PbSe,Se,SnSe -1.079120E?06?420.5*T *

2LLIQ
PbSe,Se,SnSe - 3.032750E ? 05 ? 175*T *

0LLIQ
Pb,PbSe,SnSe - 80000 *

1LLIQ
Pb,PbSe,SnSe - 80000 - 30*T *

2LLIQ
Pb,PbSe,SnSe 0 *

0LLIQ
PbSe,SnSe -0.208615E ? 04 - 33.8461*T *

1LLIQ
PbSe,SnSe - 30.584615E ? 03 ? 15.3846*T *

2LLIQ
PbSe,SnSe ? 1.041846E ? 04 - 21.5385*T *

0LLIQ
Pb,SnSe - 1207.69 - 7.692*T *

1LLIQ
Pb,SnSe 0 *

2LLIQ
Pb,SnSe 0 *

BCT_A5 (Sn-b) (PB,SN) 0LBCT_A
Pb,Sn ? 19700 - 15.89*T Ref 23

DIAMOND_A4(Sn-a) (SN)1 GDIA_A4
Sn GDIA_A4

Sn Ref 18

FCC_A1 (Pb) (PB,SN) 1 (VA)1
0LFCC_A1

Pb,Sn:Va ? 7145.3 - 2.30237*T Ref 23

HEX_A8 (Se) (SE)1 GHEX_A8
Se GHEX_A8

Se Ref 18

PBSE (PbSe) (PB,SN)1(SE)1
0GPbSe

Pb:Se - 99783.25 ? 22.52*T ? GHSER
Pb ? GHSER

Se *
0GPbSe

Sn:Se ? 5000 ? GHSER
Sn ? GHSER

Se *
0LPbSe

Pb,Sn:Se - 3.125758E ? 05 ? 68.34*T *
1LPbSe

Pb,Sn:Se - 92000 ? 92*T *
2LPbSe

Pb,Sn:Se - 10000 ? 15*T *

SE2SN (Se2Sn)

(SE)0.66667(PB,SN)0.33333

0GSe2Sn
Se:Sn - 46104.05 ? 121.16205*T

- 24.84*T*ln(T)-0.00164*T2 ? 39347*T-1 ? 1.185733E - 07*T3
Ref 21

0GSe2Sn
Se:Pb 0.66667* GHSER

Se ? 0.3333* GHSER
Pb ? 15000 *

0GSe2Sn
Se:Pb,Sn - 60000 *

SESN_ALPHA (SeSn-a)
(SE)0.5(PB,SN)0.5

0GSeSn_alpha
Se:Sn - 63171.87 ? 134.4964*T - 26.31*T*ln(T) - .00182*

T2 ? 61422.5* T-1 ? 1.1076E - 07* T3
Ref 21

0GSeSn_alpha
Se:Pb ? 15000 ? 0.5*GHSER

Se ? 0.5*GHSER
Pb *

0LSeSn_alpha
Se:Pb,Sn -171000?65*T *

1LSeSn_alpha
Se:Pb,Sn - 40000 - 10*T *

2LSeSn_alpha
Se:Pb,Sn -88850?50*T *

SESN_BETA (SeSn-b)
(SE)0.5(PB,SN)0.5

0GSeSn_beta
Se:Sn - 62529.58 ? 133.69002*T -26.31*T*ln(T)-.00182* T2 ? 61422.5*

T-1 ? 1.1076E - 07* T3
Ref 21

0GSeSn_beta
Se:Pb ? 15000 ? 0.5*GHSER

Se ? 0.5*GHSER
Pb *

0LSeSn_beta
Se:Pb,Sn -171284 ? 65*T *
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SeSn, low-temperature SeSn-a and high-temperature

SeSn-b modification. There is also Se2Sn intermetallic

phase in the system. All three phases are modelled as

stoichiometric. The liquid phase contains the SNSE

associate. In the Sn-rich region, there is a small misci-

bility gap in liquid.

Thermodynamic assessment of the Pb-Se system was

published by Liu et al.[22] The assessment was slightly

modified in the scope of this work, as there was a slight

disagreement between the invariant temperature for the

L1 ? PbSe ? L2 published in Ref 22 and obtained by

calculation using original dataset from the same work. The

reason for this discrepancy might be caused by a typo-

graphical error. There is one intermetallic phase PbSe in

the system and the liquid phase model includes the PBSE

associate. The Pb-Se phase diagram also exhibits a liquid

miscibility gap in the Se-rich region.

ALPHAD modelling of the Pb-Sn binary subsystem is

adopted from Ohtani et al.[23] This phase diagram is of

simple eutectic type.

The calculated phase diagrams of the binary subsystems

are shown in Fig. 1, 2 and 3. The thermodynamic param-

eters and models of the existing phases for all binary

subsystems are summarized in Table 2.

3 Theoretical Results

The thermodynamic assessment of the ternary system was

carried out using the Thermo-Calc and Pandat software

packages. The above-mentioned binary assessments were

used together with the experimental phase data from Ref

3,8 and 10. Experimentally measured enthalpies of mixing

of liquid presented in Ref 11 were also used. As already

mentioned in the Introduction, there are significant incon-

sistencies between the experimental data, and therefore not

all data in the literature were accepted in the assessment. A

more detailed discussion can be found in the relevant part

of Sect. 4 (Discussion). The thermodynamic parameters for

the ternary system assessed in this work and the parameters

for the binary subsystems are listed in Table 2.

Two isothermal sections at 350 and 500 �C were pre-

sented in Ref 3 and a quasi-binary PbSe-SnSe section was

established in Ref 8. The PbSe-Se2Sn vertical section was

also studied in Ref 8 however, there is very strong incon-

sistency between the phase equilibria in this vertical sec-

tion and the relevant phase equilibria in the isothermal

sections from Ref 3. The results from Ref 3 were used for

the assessment because there is a good consistency

between the two experimental isothermal sections and the

results obtained after long-term annealing are supported by

Fig. 1 The Se-Sn phase diagram calculated using the data of

Feutelais et al.[21]

Fig. 2 The Pb-Se phase diagram calculated using the data of Liu

et al.[22]

Table 2 continued

Phase name (Sublattice model) Parameter Value Ref.
1LSeSn_beta

Se:Pb,Sn - 40000 - 9.8*T *
2LSeSn_beta

Se:Pb,Sn - 88850 ? 50*T *

Unary data are from SGTE database[18]

*Parameter assessed in this work
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micrographs, x-ray analysis and EDX composition mea-

surements. The quasi-binary section from Ref 8 was also

used as it is consistent with results from Strauss[7]. These

sections of phase diagrams are shown in Fig. 4, 5 and 6.

In the following text, the Se-rich liquid phase is referred

to as Liquid(Se), the (Pb,Sn)-rich liquid is designated as

Liquid(Pb), and the liquid phase with content of about

10 at.% Pb and 10-20 at.% Sn is labelled as Liquid(ter).

The thermodynamic properties of the Pb-Se-Sn system

were studied in Ref 11 The authors measured the enthalpies

of mixing of liquid in the system at 763, 845 and 970 �C
for different xPb/xSn and xSe/xPb ratios. Unfortunately,

they did not publish all the obtained experimental data,

they only presented the results for selected sections with

different concentration ratios and temperatures in the form

of tables and figures. The comparison of the experimental

results with the calculated enthalpies of mixing was per-

formed for characteristic sections and the results are pre-

sented in Fig. 7, 8, 9, 10, 11, 12, 13 and 14.

The complete liquidus surface of the Pb-Se-Sn system

was presented in Ref 10 Unfortunately, this paper is very

concise, and no details are published in the paper. The

authors did not provide any information on the experi-

mental condition other than that the DTA method was

used. No sample compositions and other necessary data are

available. On the other hand, the liquidus surface looks

reasonable for most of the concentration regions. The

calculated and experimentally established liquidus surfaces

are shown in Fig. 15(a), (b) and (c).

Invariant reactions containing liquid phases existing in

the Pb-Se-Sn system are listed in the Table 3.

4 Discussion

The analysis of present results and their comparison with

experiments shows only an average agreement for some

calculations. One of the main reasons for the worse

agreement is the inconsistency of experimental results from

Fig. 3 The Pb-Sn phase diagram calculated using the data from

Ohtani et al.[23]

Fig. 4 Isothermal section of phase diagram Pb-Se-Sn at 350�C with

superimposed experimental data from Ref 3. The legend describes

experimental equilibria. The numbers of samples correspond to the

samples listed in Table 1 in Ref 3.

Fig. 5 Isothermal section of phase diagram Pb-Se-Sn at 500 �C with

superimposed experimental data from Ref 3. The legend describes

experimental equilibria. The numbers of samples correspond to the

samples listed in Table 3 in Ref 3.
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different authors. In general, the agreement is worse for Se-

rich regions both for the phase diagram sections and the

thermodynamic measurements.

The calculated isothermal sections at 350 and 500 �C
from Ref 3 show a very good agreement for the region with

less than 50 at.% Se. Here, all experimental results agree

well with the calculated phase equilibria. There is only a

qualitative agreement in the Se-rich corner, all experi-

mentally found phase fields are correctly modelled, but the

discrepancy is in the positions of specific phase fields

especially in 350 �C isothermal section.

The key discrepancy exists in the shape and size of the

pure liquid region, which exists around 10 at.% Pb and

10-20 at.% Sn. Two variants for the extent and position of

Fig. 6 Pseudobinary vertical

section between PbSe and SnSe.

The experimental data from

DTA measurements are from

Ref 8

Fig. 7 Calculated enthalpy of mixing of liquid for the ratio Pb/Sn=1/

4 at the temperature 763 �C in comparison with experimental data

from Ref 11. Dot-dashed lines indicate the extent of pure liquid phase

obtained from calculation., ? indicates experimental data for single

phase liquid and * indicates data for a two-phase mixture with

liquid.[11] Pure liquid elements at the temperature of measurements

are selected as reference states

Fig. 8 Calculated enthalpy of mixing of liquid for the ratio Pb/Sn=9/

1 at the temperature 763 �C in comparison with experimental data

from in Ref 11. Dot-dashed line indicate the extent of pure liquid

phase obtained from calculation., ? indicates experimental data for

single phase liquid and * indicates data for a two-phase mixture with

liquid.[11] Pure liquid elements at the temperature of measurements

are selected as reference states
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this phase field were proposed in the work,[3] one where a

very narrow phase field connected with the pure liquid

selenium exists (Fig. 1(b) in Ref 3) and second where a

separate liquid phase field connected with the Se-rich liq-

uid by two-phase field labelled (Liquid(Se) ? Liquid(ter))

as shown in Fig. 1(c) in Ref 3. The selection of a more

likely phase equilibrium was not done due to the lack of

experimental samples in that region. Theoretical modelling

strongly supported the existence of the two-phase field

Fig. 9 Calculated enthalpy of mixing of liquid for the ratio Se/Pb=2/3

at the temperature 845 �C in comparison with experimental data from

Ref 11. Dot-dashed line indicate the extent of pure liquid phase

obtained from calculation., ? indicates experimental data for single

phase liquid and * indicates data for a two-phase mixture with

liquid.[11] Pure liquid elements at the temperature of measurements

are selected as reference states

Fig. 10 Calculated enthalpy of mixing of liquid for the ratio Se/Pb=1/

1 at the temperature 845 �C in comparison with experimental data

from Ref 11. Dot-dashed line indicate the extent of pure liquid phase

obtained from calculation., ? indicates experimental data for single

phase liquid and * indicates data for a two-phase mixture with

liquid.[11] Pure liquid elements at the temperature of measurements

are selected as reference states.

Fig. 11 Calculated enthalpy of mixing of liquid for the ratio Pb/

Sn=1/4 at the temperature 970 �C; ? indicates the experimental

results from Ref 11. Pure liquid elements at the temperature of

measurements are selected as reference states.

Fig. 12 Calculated enthalpy of mixing of liquid for the ratio Pb/

Sn=9/1 at the temperature 970 �C in comparison with experimental

data from Ref 11. Dot-dashed line indicate the extent of pure liquid

phase obtained from calculation., ? indicates experimental data for

single phase liquid and * indicates data for a two-phase mixture with

liquid[11]. Pure liquid elements at the temperature of measurements

are selected as reference states.
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(Liquid(Se) ? Liquid(ter)), nevertheless, the extent of the

experimentally found Liquid(ter) phase field does not

correspond to the calculated one. The calculated one is
significantly smaller and shifted slightly towards a higher

Sn content. It has been found that any attempt to model a

Fig. 13 Calculated enthalpy of mixing of liquid for the ratio Pb/Se=1/

1 at the temperature 970 �C in comparison with experimental data

from Ref 11. Dot-dashed line indicate the extent of pure liquid phase

obtained from calculation., ? indicates experimental data for single

phase liquid and * indicates data for a two-phase mixture with

liquid.[11] Pure liquid elements at the temperature of measurements

are selected as reference states

Fig. 14 Calculated enthalpy of mixing of liquid for the ratio Pb/Se=2/

3 at the temperature 970 �C in comparison with experimental data

from Ref 11. Dot-dashed line indicate the extent of pure liquid phase

obtained from calculation., ? indicates experimental data for single

phase liquid and * indicates data for a two-phase mixture with

liquid[11]. Pure liquid elements at the temperature of measurements

are selected as reference states Fig. 15 (a) Calculated liquidus surface of Pb-Se-Sn phase diagram,

(b) detail of the liquidus surface in the Se-rich corner, (c) the

experimentally established liquidus surface from Ref 10
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larger phase field, especially extended in the direction of

Sn axis, leads to an expansion of the liquid phase well

below 200 �C and to the existence of a very complicated

multiple liquid miscibility gap structure at high tempera-

tures not only in the Se-rich region.

Thus, the agreement is only qualitative for the section at

350 �C, all experimentally determined phase fields are

present in the calculated section, however, their shape and

position are to some extent different.

Rather better agreement was obtained for the isothermal

section for 500 �C. Here, too, the agreement is very good

for the Se-poor region, with only one exception. The SnSe-

b was not identified in Ref 3 They did not consider the HT

modification, probably because the transition temperature

for binary SnSe-a/b intermetallics is well above 500 �C.
However, according to the work,[8] the high solubility of Pb

in the SnSe family of phases leads to the stabilization of the

HT modification of the SnSe intermetallic phase in the low

temperature region below 500 �C.
The concentration dependence of the a/b transition

temperature was modelled with respect to the data[8] and

the phase boundaries are shown for the SnSe-a ? SnSe-

b ? Liq(Pb) phase field in Fig. 5 (the liquid phase rich in

Pb and/or Sn is labeled Liquid(Pb) in the text and figures in

this paper). It can be seen from Fig. 5 that the samples were

only available in the assumed SnSe-b ? Liq(Pb) phase

field.

Better agreement was obtained for the Se-rich region of

the 500 �C section compared to the 350 �C section. Espe-

cially the samples 23 and 32 agree well with the experi-

mental results and confirmed the existence of a liquid

miscibility gap in this region. The sample 23 clearly

showed the existence of (Liquid(Se) ? PbSe), where the

liquid phase contained almost 99 at.% of Se. Sample 32

consists of PbSe phase together with Liquid(ter) with a

composition of Pb-64.4 at.% Se-19.4 at.%Sn.

The PbSe-SnSe-a/b quasi-binary section is shown in

Fig. 6. Here, a reasonable agreement was obtained for the

liquidus line and the concentration dependence of the

SnSe-a/b transition temperature with the experimental

results from Ref 8. The value of eutectic temperature also

agreed well with the experiment. Nevertheless, there is a

significant difference for the PbSe/(PbSe ? Liq) phase

boundary. Thermodynamic modelling predicts much lower

solubility of Sn in the PbSe intermetallic phase especially

around the eutectic temperature. The values of Sn solu-

bility in PbSe at 350 and 500 �C were accepted from Ref 3

because no other data are available for such low tempera-

tures. The attempt to model high Sn solubility in PbSe at

high temperatures led to a very strong temperature

dependence for the relevant interaction parameters and

consequently it was not possible to model a reasonable

liquidus surface for the ternary system. Pseudo-ternary

(Pb,Sn)Se phase was stabilized by tin at very high tem-

peratures above 1500 �C and as mentioned above, all

attempts to model the correct liquidus surface and the

correct stability of (Pb,Sn)Se led again to multiple misci-

bility gaps and very unlikely shape of the liquidus surface.

The enthalpies of mixing for the three temperatures and

various Pb/Sn and Pb/Se ratios were measured by Ref 11

The experimental difficulties encountered in this system

were demonstrated in the published results and it can be

concluded that a higher amount of Se usually meant a

greater discrepancy between experiments and modelling.

Some of the presented experimental results are question-

able, which is also demonstrated here.

Figure 7 and 8 show a comparison between two sections

with x(Pb)/x(Sn)=1/4 and 9/1, respectively, for the tem-

perature 763 �C. Here, a single liquid phase exists in two

separate concentration intervals and good agreement was

obtained only for a low concentration of Se in this limited

interval. Experimental data for the liquid phase in the

Table 3 The calculated

invariant reactions containing

liquid phases in the system Pb-

Se-Sn

Type of reaction T (�C) Invariant reaction Overall composition

x(Pb) x(Se) x(Sn)

U1 465.4 SeSn-b ? Se2Sn =[Liq ? SeSn-a 0.072 0.696 0.232

U2 431.9 Liq ? SeSn-b =[ PbSe ? SeSn-a 0.125 0.674 0.201

E1 431.9 SeSn-b =[Liq. ? PbSe ? SeSn-a 0.223 0.001 0.775

U3 315.8 Liq ? Se2Sn =[SeSn-a ? Liq 0.082 0.722 0.196

U4 220.84 Liq ? PbSe =[Liq ? (Se) 0.112 0.721 0.167

U5 220.83 Liq ? Liq =[SeSn-a ? (Se) 0.104 0.720 0.175

D1 220.77 Liq ? SeSn-a =[Se2Sn ?(Se) 0 0.999 0.001

E2 205.3 Liq =[ (Se) ? PbSe ? SeSn-a 0.110 0.718 0.172

U6 203.6 Liq ? SeSn-a =[PbSe ?(Sn) 0.129 0 0.871

D2 183.0 Liq =[ (Pb)?PbSe?(Sn) 0.260 0 0.740

Italic values indicate the amount of this element in given IR is smaller than 0.001
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concentration region of approx. x(Se) = 0.55 - 0.7 show

worse agreement. Experimental data are not available for

high selenium content (approx. x(Se)[ 0.7), where the

liquid miscibility gap exists. Experimental difficulties are

probably the reason for the lack of data. Dot-dashed lines

indicate the calculated position of the phase boundary

between the liquid and the two-phase field. The experi-

mentally established phase boundary is in the interval

between two measurements labeled by symbols ? (single

phase liquid) and * (two-phase with liquid). The agree-

ment is good considering the small amount of experimental

data and the uncertainty of the experimental liquidus sur-

face (to be discussed later). Dashed line shows the calcu-

lated values of the enthalpy of mixing of liquid in the

metastable region.

Figures 9 and 10 show a comparison between experi-

mental and calculated values for two sections with x(Se)/

x(Pb) = 2/3 and 1/1, respectively, at the temperature

845 �C. Here the tendency is well reproduced by calcula-

tions, but the differences between the experimentally and

theoretically determined boundaries of the liquid phase

field are worse.

The experimental results at 970 �C were presented for

several sections both for Se/Pb and Pb/Sn ratios in.[11] The

results for the x(Pb)/x(Sn) = 1/4 and 9/1, respectively, are

shown in Fig. 11 and 12. Only a liquid phase exists for the

first ratio at this temperature and the excellent agreement of

the measured and calculated enthalpies of mixing was

obtained for x(Se)\ 0.5. There is also a very good

agreement for the limiting enthalpy of mixing in the binary

Pb-Sn system. The experimental data are only available for

x(Se)\ 0.643, but in the Se-rich region, the agreement is

significantly worse. A slightly worse agreement was

obtained for the second ratio, but the tendency is still well

reproduced. This discrepancy can be caused by significant

problems in measuring the respective enthalpies of mixing

in liquid for samples with a high selenium content. Such

problems also occur in binary systems, where there are

significant differences between the experimental enthalpies

of mixing of liquid in the binary Pb-Se system measured in

Ref 11 and the calculated mixing enthalpies from the

accepted theoretical evaluation of binary Pb-Se.[22] The

values for x(Se)[ 0.35 published in Ref 11 are only

extrapolated. This is shown in Fig. 16. An analogical

problem exists for x(Se)[ 0.5 also in the Se-Sn binary

system, a comparison between the experimental measure-

ments for the Se-Sn system from Ref 11 and accepted

theoretical assessment from Ref 21 is shown in Fig. 17.

The experimental results for x(Pb)/x(Se) = 1/1 and 2/3

ratios are shown in Fig. 13 and 14. The agreement between

the experiments and calculations for the first Pb/Se ratio is

again reasonable, considering relatively high content of

selenium for small Sn contents, where the discrepancy is

more pronounced. On the other hand, the experimental and

theoretical boundary between the liquid and the (Liq ?

PbSe) two-phase field is very close. An example of a sig-

nificant discrepancy between experiment and modelling is

demonstrated in Fig. 14. Here the samples have a relatively

high selenium content, especially in the region with a low

tin content. Nevertheless, there is big difference between

the experiment and the calculation in the whole region and

Fig. 16 Calculated enthalpy of mixing of liquid for the binary Pb-Se

system at the temperature 970 �C in comparison with experimental

data from Ref 11. The dashed line marked two phase region, h—

extrapolated values from Ref 11. Pure liquid elements at the

temperature of measurements are selected as reference states.

Fig. 17 Calculated enthalpy of mixing of liquid for the binary Se-Sn

system at the temperature 970 �C in comparison with experimental

data from Ref 11. Pure liquid elements at the temperature of

measurements are selected as reference states
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the experimental data are problematic even in the Sn rich

region. The values of the enthalpy of mixing do not go to 0

for pure tin. Since all previously presented results in Fig. 7,

8, 9, 10, 11, 12 and 13 show good or at least reasonable

agreement between the experiment and the calculation, it

can be assumed that the experimental values for the x(Se)/

x(Pb) = 3/2 ratio are influenced by some systematic error.

Since a less reasonable agreement between calculation and

experiment in all presented figures was usually obtained for

samples with high selenium content, the reason for this

disagreement may be the effect of the evaporation of Se in

the Se-rich samples above the boiling point of pure sele-

nium at 685�C.
The partial liquidus surface of the Pb-Se-Sn system was

studied by Zlomanov et al.[9] and the liquidus surface in the

whole concentration range was presented by Saveliev

et al.[10] Unfortunately, both papers are very brief and no

detailed information is provided about the samples, the

experimental method, and the evaluation of results. Save-

liev et al.[10] presented only one figure in their paper, where

the liquidus surface is shown. On the other hand, their

results look reasonable and presented features are broadly

consistent with the calculated liquidus surface. Experi-

mental results[10] suggest the existence of two liquid mis-

cibility gaps, which agrees well with the calculations. The

complex structure of the calculated liquidus surface with

multiple strangely shaped miscibility gaps was mentioned

in the discussion of Fig. 4 and 5. This structure appeared

when a better agreement was sought for the position of

Liquid(ter) phase field at low temperatures and high Sn

solubility in the PbSe phase around 800�C and such char-

acter of the liquidus surface is not acceptable.

A comparison of the experimental and calculated liq-

uidus surface is shown in Fig. 15(a) and (c), the detail of

the region around Liquid(ter) is presented in Fig. 15(b). It

can be stated that despite the experimental uncertainties, all

key features are in good qualitative agreement in both

figures. Theoretical calculations suggest the existence of a

miscibility gap in the Se—rich corner up to high temper-

atures, but the equilibria at high temperatures are

metastable at ambient pressure as there will be selenium

gas in equilibrium with liquid and no information is

available for this region.

The invariant reactions containing the liquid phase are

listed in Table 3. The two ternary invariant reactions des-

ignated as D1 and D2 are degenerate reactions in nature.

They lie extremely close to the binary low-temperature

invariant reactions in the Pb-Sn and Se-Sn systems and the

Pandat software has not been able to describe the nature of

these reactions. It only lists the phases involved, not the

type of reaction. After careful analysis of many calcula-

tions of isothermal sections and isopleths, the ones listed in

Table 3 were identified as the most likely, but the

designation of the reactions as degenerate was retained

because there is no clear evidence to support the analysis.

5 Conclusion

The literature related to the Pb-Se-Sn phase diagram is

relatively sparse and there are considerable inconsistencies

between the various authors. Many phase equilibria have

not been well defined. The current study presents the the-

oretical assessment which is based on the little experi-

mental information considered to be reliable enough to

contribute to the thermodynamic modelling of Pb-Se-Sn

phase diagram in whole concentration and temperature

range. This assessment is part of an effort to develop a

thermodynamic database for quinary Ag-Pb-Se-Sn-Te

system, which is important for the further development of

materials for thermoelectric applications.

The calculated phase diagram agrees reasonably with

the experimental sections at 350 and 500 �C from Ref 3

especially in the region with low selenium content and a

reasonable agreement was obtained with sparse informa-

tion about experimental liquidus surface. Similarly, the

calculated enthalpies of mixing in liquid reasonably agree

with the experimental data for lower selenium content.

Despite of this, a new experimental program for the Pb-

Se-Sn system focused on significant inconsistencies

between older experimental works is necessary to improve

the thermodynamic assessment.
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Abstract The phase equilibria of the Al-Ge-Mg ternary

phase diagram were experimentally studied at the tem-

peratures of 250, 300, 400 and 450 �C. The ternary phase s
(Al2Ge2Mg) suggested by the earlier structural study was

found to be stable at all temperatures studied. Detailed

study of the phase equilibria containing the s (Al2Ge2Mg)

phase in the ternary system have been carried out. The

average composition of this phase was found to be

36 at.% Al-36 at.% Ge–Mg. In contrast to the previously

published binary Ge–Mg phase diagram, the solubility of

Mg in Ge was found to be within a few atomic percent. It

was also found that GeMg2 intermetallic phase dissolves

only small amount of Al but there is significant nonstoi-

chiometricity with respect to the Ge/Mg ratio especially for

lower annealing temperatures.

Keywords Al–Ge–Mg phase diagram � SEM � ternary

phase � XRD

1 Introduction and Literature Review

The Al–Mg binary system is widely used as a basis for

lightweight structural materials. The use of Germanium as

an alloying element should contribute to the improvement

of the properties of this alloy at higher temperatures due to

its similarity of germanium with silicon which is com-

monly used.[1]

Knowledge of ternary phase equilibria in the entire

concentration and temperature range is crucial for the

design of new promising alloys. Unfortunately, works

focused on this aspect of the Al-Ge-Mg system are quite

few. Phase equilibria in the system were studied only in the

works of Badaeva and Kuznetsova[2] and Legka et al.[3]

Pukas[4] identified one Al2Ge2Mg ternary phase in this

system and described its crystal structure, but did not

present any results on its phase equilibria in the ternary

system.

2 Al–Ge Binary System

The Al-Ge binary alloy is a basic eutectic system where the

position of the eutectic point is approx. 72 at.% Al and

424 �C. The mutual solubility of both elements is relatively

small. (see Fig. 1a). The binary system has been studied by

several authors.[5–8] Figure 1(a) represent the experimental

binary phase diagram of Al-Ge subsystem proposed by

McAllister and Murray[7]

3 Al–Mg Binary System

The binary phase diagram of the Al–Mg system (see

Fig. 1b) is very well described experimentally and theo-

retically in the literature e.g.[9–11] In this system, there are

three stable intermetallic phases with non-negligible solu-

bility. The b-AlMg phase is stable up to 450 �C, c-AlMg

melts congruently at 457 �C, and e-AlMg exists in the

temperature range 193–417 �C. The experimental binary
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phase diagram of Al–Mg subsystem according to Ren

et al.[10] is shown on Fig. 1(b).

4 Ge–Mg Binary System

Klemm and Westling[12] first established a Ge-Mg binary

phase diagram using thermal analysis and microscopic

observation. They found that the Ge-Mg binary system

contains a single GeMg2 intermetallic phase, supposedly

with a stoichiometric composition that melts congruently,

two eutectic reactions, and a negligible mutual solubility

between pure Mg and Ge. These basic features of the phase

diagram were subsequently confirmed in Ref 13, 14. Gef-

fken and Miller[13] determined the liquidus temperatures

for alloys of 10 to 90 at.% Ge by thermal analysis meth-

ods. The liquidus line was later experimentally determined

by Rao and Belton[14] from discontinuity measurements of

EMF vs. temperature curve for alloys in the concentration

range 10-95 at.% Ge. The liquidus transition temperatures

are approximately 50 �C lower than the values proposed by

Geffken and Miller[13] and 20 �C lower than the values

from Klemm and Westling[12] in some regions. A recent

thermodynamic review was published by Yan et al.[15].

This work is based on the experimental data of Klemm and

Westling[12] and supported by an ab-initio calculation.

They suggested the congruent temperature of the binary

GeMg2 phase to be 1117 �C. Two eutectic points occur in

the phase diagram (see Fig. 1c), the eutectic point in the

magnesium-rich part existing at 97.8 at.% Mg and 631 �C,

the second eutectic point is located at 37.1 at.% Mg and

699 �C.The solubility in the GeMg2 phase was not evalu-

ated in any experimental work for long-term annealed

samples. Figure 1(c) shows experimental binary phase

Fig. 1 Published phase diagrams of relevant systems (a) Al-Ge,[7] (b) Al–Mg,[10] (c) Ge-Mg,[12] (d) Al-Ge-Mg [8]
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diagram of Ge-Mg subsystem with superimposed experi-

mental data[12–14]

5 1,4, Al–Ge–Mg Ternary System

The Al-Ge-Mg system has been studied in the past for its

potential applications in the aerospace and automotive

industries due to its similarity to the Al–Mg-Si system,

which is already widely used in this field.[4,16–18] . Bjorge

et al.[19] experimentally studied the interface structure of

precipitates in Al-0.59 at.% Mg-0.71 at.% Ge alloy.

Kawai et al.[20] investigated the age hardening of Al-rich

samples at 200 �C. Karim et al.[21] published an ab-initio

study of the optoelectric and thermodynamic properties of

the ternary phase s.

The phase equilibria in the Al-Ge-Mg system were

experimentally described by Badaeva[2] using methods of

thermal analysis. Various vertical sections of the phase

diagram were investigated. No ternary phase was men-

tioned in the paper.[2] The aluminum-rich part of the phase

diagram (up to 10 at.% Al) was also experimentally stud-

ied by Legka et al.[3] Theoretical modeling of the CAL-

PHAD-based system was performed by Islam[8] based on

available experimental data. Some experimental points

indicating phase transition temperatures were not described

and explained in the published assessment. A vertical

section of 45 at.% Mg-55 at.% Ge-Al is shown in

Fig. 1(d). A set of DTA signals at approx. 550 �C without

relevant explanation was found in the Al-rich part. No

ternary phase is included in the phase diagram modeling.

Recently, Pukas[4] published information on a newly pre-

pared ternary intermetallic phase s (Al2Ge2Mg) with the

structure Al2Si2Ca. The compound was characterized in

terms of crystalline structure, thermodynamic and phase

properties were not studied. A phase diagram containing

the ternary phase has not yet been published. Fig-

ure 1(d) shows a vertical Sect. 45 at.% Mg-55 at.% Ge-Al

of the Al-Ge-Mg system with the calculated data by

Islam[8] and superimposed experimental data of Badaeva.[2]

6 Experimental

The nominal composition of the samples was chosen pri-

marily with the aim to study phase equilibria containing the

ternary phase s. The isothermal sections of the ternary

phase diagram in the temperature range of 250-450 �C
were studied in this work. The long-term annealed samples

were characterized using SEM–EDX and XRD.

6.1 Sample Preparation

Experimental samples were prepared from high purity

metals (5N for Al, Mg and 6N for Ge). The samples were

arc-melted on a water-cooled copper plate under a low-

pressure 6N Ar atmosphere using pure titanium or mag-

nesium as the getter. The alloys were remelted three times

to achieve better sample homogeneity. The alloyed sam-

ples were sealed in quartz glass ampoules under vacuum.

Vacuumed ampoules with samples were annealed for a

long time in a standard muffle furnace. The samples were

quenched to cold water from long-term annealing temper-

atures. Annealing times and temperatures were chosen in

order to obtain conditions close to thermodynamic

equilibrium.

6.2 Experimental Phase Diagram Investigation

The samples were prepared in the metallographic labora-

tory after long-term annealing. Grinding and polishing

were performed under pure ethanol without water to pre-

vent oxidation of the Mg-rich grains. Especially the GeMg2

grains are very sensitive to oxidation. The overall and

coexisting phase compositions were studied by SEM–EDX

microanalysis using a JEOL JSM-6460 scanning electron

microscope with an EDX Link analyzer from Oxford

Instruments (Table 1).

Area analysis was used to determine the overall ele-

mental composition from the representative surface of the

sample. For the composition of the coexisting phases, point

analysis was used. The grains of various phases were

Table 1 Stable phases in Al–Ge–Mg ternary system

Phase name [This work] Other names Pearson symbol Structure prototype T. range, �C Comments, references

a-Al FCC_A1 cF4 Cu \ 660 [22]

a-Ge Diamond_A4 cF8 C \ 938 [22]

a-Mg HCP_A3 cI2 W \ 650 [22]

b-AlMg Al3Mg2 cF1832 Al3Mg2 \ 452 [11]

c-AlMg Al12Mg17 cI58 a-Mn \ 458 [11]

e-AlMg Al30Mg23 hR53 Co5Cr2Mo3 185–410 [11]

GeMg2 GeMg2 cF12 CaF2 \ 1118 [15]

s Al2Ge2Mg, Al7Ge7Mg5 hP5 CaAl2Si2 B 450 [4, this work]
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sufficiently large and with a well-distinguishable contrast

in the microscope, so a reliable analysis of the individual

phases was possible. The crystallographic structure of the

coexisting phases was confirmed by x-ray powder

diffraction (XRPD) on an EMPYREAN diffractometer

using CoKa radiation Table 2 shows a comparison of the

parameters of the ternary phase s cells measured in the

scope of this work and the results of Pukas[4] analyzed by

XRD. Compared to the work of Pukas, the ‘‘a’’ parameter

is lower, but the ‘‘c’’ parameter is higher in our sample. The

cell volume was lower for the ternary phase found in our

work, which supports the idea that smaller magnesium

atoms replace the germanium and aluminum atoms with

respect to the ideal occupancy in the Al2Ge2Mg

stoichiometry.

Representative samples analyzed are listed in Table 3.

Column 1 shows the annealing temperature and sample

number. The annealing time is given in column 2. The

overall composition of the long-term annealed samples is

given in column 3. In column 4, the coexisting phases

found in a state close to thermodynamic equilibrium are

given. The compositions of the equilibrium phases existing

in the samples measured by SEM–EDX are shown in

column 5.

7 Results and Discussion

Using the experimental results of the composition of

coexisting phases analyzed by SEM–EDX and listed in

Table 3, experimental isotherm sections of the Al-Ge-Mg

phase diagram at temperatures of 250 �C, 300 �C, 400 �C
and 450 �C were constructed. The overall composition of

the studied samples is represented by several symbols in

the proposed phase diagrams. The square represents the

total composition of samples containing two phases in

equilibrium. Just few two-phase samples were found

among the samples and the respective composition of each

phases and the corresponding connecting tie-lines is shown

by dotted line. Triangles represent the total composition of

samples containing three phases in equilibrium. Phase

compositions are defined by the position of the corners of

the connecting triangle and indicated by empty circles. The

position of the phase boundaries and the shape of the phase

fields not defined by our own samples are drawn as dashed

lines and are based on information from the binary sub-

systems and on the phase rules.

7.1 Isothermal Sections

The obtained isothermal sections of the Al–Ge–Mg phase

diagram at temperatures of 250, 300, 400 and 450 �C are

shown in Fig. 2. The isothermal sections look very similar

in this range. The numbers given refer to the sample

number annealed at the given temperature. The character-

istic morphology of concrete phase structures describing

the various phase fields are shown in micrographs in Fig. 3.

All the micrographs are visualized in BSE mode. Fig-

ure 3(a) is a sample No 250_2 annealed at 250 �C con-

sisting of the three phases a-Al, GeMg2 and s, where the

ternary s phase is a matrix. Figure 3(b) shows a sample No

250_3 annealed at 250 �C consisting of the three phases a-

Al, a-Ge and s, where the a-Ge is a matrix. Fig-

ure 3(c) shows microstructure of the sample No 300_4

annealed at 300 �C in consisting of the phases a-Al, a-Ge

and s. Figure 3(d) represents a microstructure of the sam-

ple No 300_5 annealed at 300 �C in BSE mode consisting

of the phases a-Al, GeMg2 and b-AlMg where the b-AlMg

is a matrix. Figure 3(e) is the sample No 400_4 annealed at

400 �C consisting of the phases a-Al, GeMg2 and b-AlMg,

where the b-AlMg is a matrix. Figure 3(f) is a

microstructure of the sample No 400_5 annealed at 400 �C
in BSE mode consisting of the phases a-Al, a-Ge and s.

Figure 3(g) shows a Microstructure of the sample No

450_5 annealed at 450 �C in BSE mode consisting of the

phases a-Al, GeMg2 and s, where the ternary s phase is a

matrix.

Aluminum (a-Al) and magnesium (a-Mg) show a very

limited solubility of germanium in their structure. On the

other hand, germanium shows a relatively high ternary

solubility of magnesium compared to the published Ge-Mg

binary phase diagram (see Fig. 1c). In the theoretically

evaluated Ge-Mg binary phase diagram published by Yan

et al. no solubility of magnesium in germanium was con-

sidered.[15] As mentioned in the Sect. 1.3, no previous

experimental work on Ge-Mg system has studied the

mutual solubility of both elements,[12,13] and[14] used

mainly thermal analysis and EMF measurements. We

experimentally found the solubility of up to 6% Mg in Ge

in the Al-Ge-Mg ternary system. The measured solubility

of Mg in Ge in the ternary system is generally consistent

for all isothermal section at specific temperatures and

indicates a slow decrease in solubility with increasing

temperature.

Table 2 Cell parameters of

ternary phase s with CaAl2Si2
structure type

Space group a, Å c, Å c/a V, Å3 References

P-3m1 4.11693(5) 6.7873(1) 1,6486 99.627(3) [4]

P-3m1 4.111987 6.796723 1.6497 99.52532 This work
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Table 3 Chemical composition of the long-term annealed representative sample

T, �C No Annealed time, h Overall composition, at.% Coexist. phases Phase composition, at.%

Al Ge Mg Al Ge Mg

250_1 5052 23.5 43.2 33.3 a-Ge 4.0 93.8 2.2

GeMg2 0.7 28.1 71.2

s 34.5 36.5 29.0

250_2 5052 67.1 17.7 15.2 a-Al 98.7 1.2 0.1

GeMg2 1.2 27.8 71.0

s 36.8 34.4 28.8

250_3 5052 63.9 32.9 3.2 a-Al 98.4 1.6 0.0

a-Ge 2.4 92.1 5.5

s 38.2 36.2 25.6

250_4 5052 60.4 3.5 36.1 GeMg2 * * *

a-Al 92.0 7.5 0.5

b-AlMg 61.1 0.5 38.4

250_5 5052 19.0 5.6 75.4 Mg 3.9 1.0 95.1

c-AlMg 34.0 1.1 64.9

GeMg2 0.8 25.8 73.4

300_1 2304 22.0 51.9 26.1 a-Ge 3.7 91.7 4.6

GeMg2 0.4 31.3 68.3

s 34.1 36.5 29.4

300_2 2304 67.4 17.5 15.1 a-Al 97.5 2.2 0.3

GeMg2 2.3 27.5 70.2

s 39.7 33.6 26.7

300_3 2304 65.9 31.8 2.3 a-Al 98.2 1.8 0.0

a-Ge 3.0 90.6 6.4

s 37.2 36.9 25.9

300_4 3427 54.8 32.4 12.8 a-Al 98.4 1.6 0.0

a-Ge 3.2 93.9 2.9

s 34.6 37.1 28.3

300_5 3427 65.6 7.0 27.4 a-Al 88.5 10.6 0.1

GeMg2 2.9 25.8 71.3

b-AlMg 66.2 0.9 32.8

300_6 3427 58.9 3.4 37.7 a-Al 84.0 0.5 15.5

GeMg2 2.2 25.8 72.0

b-AlMg 60.8 0.4 38.8

300_7 3427 15.7 7.6 76.7 a-Mg 7.0 1.1 91.9

GeMg2 1.1 26.0 72.9

c-AlMg 32.5 0.9 66.6

400_1 1976 85.6 14.3 0.1 a-Al 97.2 2.8 0.0

a-Ge 2.0 92.2 5.8

s 37.3 38.7 24.0

400_2 1976 67.9 30.3 1.8 a-Al 97.1 2.9 0.0

a-Ge 2.7 91.6 5.7

s 35.9 41.2 22.9

400_3 2567 67.0 23.1 9.9 a-Al 97.1 2.9 0.0

a-Ge 1.5 95.0 3.5

s 36.6 37.4 26.0

400_4 2567 54.9 10.1 35.0 a-Al 82.4 0.8 16.8

GeMg2 1.5 27.7 70.9
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The solubility of Al in Ge solid solution in the Al-Ge-

Mg ternary system is slightly higher than that in the Al-Ge

binary system. Again, the consistency of the measured

values in this work is very good. Here the increase in

solubility could be attributed to the influence of the third

element in the studied system. Nevertheless, a new detailed

study of at least the Ge-Mg binary system is necessary.

The b-AlMg and c-AlMg binary phases show very

limited solubility of germanium. The binary phase of e-

AlMg was not found in our samples, since our main goal

was to find phase equilibria with the ternary phase s and we

chose the nominal compositions of studied samples

accordingly. The solubility of Ge in e-AlMg was estimated

to be very small, consistent with measured solubility in

other intermetallic phases in the Al–Mg system and the

relevant phase fields were drawn by dashed lines.

We found only very limited solubility of germanium in

magnesium solid solution in the relevant samples annealed

at 250 and 300 �C, as shown in Fig. 2(a) and (b). Con-

sidering the limited information about the solubility in the

Ge and Mg solid solutions, this result is in good agreement

with the Ge–Mg binary phase diagram (Fig. 1c).

Table 3 continued

T, �C No Annealed time, h Overall composition, at.% Coexist. phases Phase composition, at.%

Al Ge Mg Al Ge Mg

b-AlMg 63.1 1.1 35.8

400_5 2567 58.3 29.4 12.3 a-Al 96.8 3.1 0.1

a-Ge 3.2 91.7 5.1

s 37.0 36.7 26.3

400_6 2567 71.2 11.8 17.0 s 37.3 34.5 28.2

a-Al 98.9 1.1 0.0

GeMg2 * * *

400_7 2567 22.9 46.6 30.5 s 35.4 36.2 28.4

a-Ge 5.5 86.2 8.3

GeMg2 0.6 29.1 70.3

400_8 2567 42.3 34.0 23 .7 s 35.5 36.5 28.0

a-Al 98.1 1.8 0.1

450_1 1319 23.5 46.0 30.5 a-Ge 2.2 92.1 5.7

GeMg2 0.1 29.9 70.0

s 35.5 36.0 28.5

450_2 1319 71.9 15.6 12.5 a-Al 98.8 1.2 0.0

GeMg2 0.5 28.7 70.8

s 38.1 32.9 29.0

450_3 1319 50.4 44.9 4.7 a-Ge 1.8 93.3 5.0

s 36.3 38.1 25.7

Liquid 65.3 32.1 2.6

450_4 3288 59.2 29.1 11.7 a-Al 96.4 3.5 0.1

s 36.8 36.8 26.4

Liquid 74.1 24.7 1.2

450_5 3288 77.3 8.5 14.2 a-Al 98.0 1.1 0.9

GeMg2 1.9 36.8 71.3

s 35.8 34.9 29.3

450_6 3288 38.9 31.4 29.7 s 35.7 36.2 28.1

a-Al 96.0 2.9 1.1

GeMg2 1.2 28.5 70.3

450_7 3288 42.3 34.0 23.7 s 35.5 36.5 28.0

a-Al 95.8 3.4 0.8

450_8 3288 78.8 7.3 13.9 GeMg2 1.1 23.8 75.1

a-Al 99.1 0.8 0.1

*Not measurable
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The GeMg2 phase shows an extended range of compo-

sition between 66 and 73 at.% Mg at temperatures of 250

to 300 �C (Fig. 2a and b). The XRD pattern of sample No.

300_7 (15.7 at.% Al-7.6 at.% Ge-Mg) containing a rea-

sonable amount of GeMg2 phase is shown in Fig. 4(a),

where the binary phases GeMg2, c-AlMg and magnesium

coexist. At higher temperatures, the GeMg2 phase shows

only limited solubility around 72 at.% Ge (Fig. 2c and d).

Again this finding contradicts the previously assessed Ge-

Mg phase diagram published by Yan et al.,[15] where the

GeMg2 phase is linear with a composition of

66.6 at.% Mg. On the other hand, the modeling performed

by[15] was based on limited experimental thermal analysis

and EMF data only ([12,13] and[14]), the solubility of the

intermetallic phase has not been studied experimentally in

any previous work to the best of our knowledge.

The ternary phase s was found to be stable at all studied

temperatures up to 450 �C and slightly nonstoichiometric

with similar solubility of a few percent for all elements. In

his study, Pukas[4] described crystallographic structure of

this phase as a stoichiometric one with an hP5 structure of

the Al2Si2Ca type. This structure for the experimentally

found ternary phase s in this study was confirmed by the

XRD analysis (see Fig. 4b), but its experimentally mea-

sured composition is shifted and the center of the single-

phase region is located at approx. 36 at.% Al-Ge-

28 at.% Mg. This composition is consistent for all tem-

peratures and all relevant samples containing three-phase

equilibria with the s phase (see Table 3).

Fig. 2 Isothermal section of experimental Al-Ge-Mg ternary phase diagram at (a) 250 �C (b) 300 �C (c) 400 �C and (d) 450 �C
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8 Conclusion

Although there is literature regarding the Al-Ge-Mg phase

diagram [2, 2019Leg], complex phase equilibria with

recently described ternary phase[4] have not been yet

studied. This study was designed to contribute to a better

understanding of the stability of the this ternary phase s.

Experimental studies were carried out at temperatures of

250 �C, 300 �C, 400 �C and 450 �C. Isothermal sections of

the Al-Ge-Mg ternary phase diagram were obtained by a

combination of standard methods: the overall and phase

compositions of the samples were measured by SEM–EDX

and the crystal structures were identified by XRD. Fol-

lowing key results were obtained in the scope of this work:

• Significant nonstoichiometricity of the binary inter-

metallic phase GeMg2 was observed at 250 �C
[x(Mg) = 0.666–0.735] and 300 �C [x(Mg) =

0.68–0.734]. Its position at 400 and 450 �C is close

to x(Mg) = 0.73.

• The ternary phase s was found to be stable at all

temperatures studied.

• The composition of the s phase was found to be close to

36 at.% Al-Ge-28 at.% Mg, which does not correspond

to the published composition of 40 at.% Al-

40 at.% Ge-20 at.% Mg proposed by Pukas.[4]

• Significant differences were found for the solubility of

Mg in the Ge solid solution and extent of solubility of

the GeMg2 phase with respect to the existing Mg-Ge

phase diagram of Ref 12-14 With respect to the

consistency of results obtained in the scope of this

work, the new study of the binary system is planned.

Acknowledgments This study was funded by Czech Science Foun-

dation of Czech Republic (Grant No. GA 22-22187S).

Funding Open access publishing supported by the National Tech-

nical Library in Prague.

Open Access This article is licensed under a Creative Commons

Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as

long as you give appropriate credit to the original author(s) and the

source, provide a link to the Creative Commons licence, and indicate

if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless

indicated otherwise in a credit line to the material. If material is not

included in the article’s Creative Commons licence and your intended

use is not permitted by statutory regulation or exceeds the permitted

use, you will need to obtain permission directly from the copyright

holder. To view a copy of this licence, visit http://creativecommons.

org/licenses/by/4.0/.

References

1. F. Ning, Z. Chunming, W. Zunije, W. Hongwei, Z. Xuejian, and

C. Tao, Effect of Ge and Mg Additions on the Aging Response

Behavior and Mechanical Properties of Al–Si–Cu Alloy, Mater.
Sci. Eng. A., 2021, 811, 141024.

2. T. Badaeva, and R. Kuznetsova, Liquidus Surface and Aluminum

Solid Solutions in the Al–Mg–Ge System, Metalloved. Term.
Obrab. Met., 1958, 3, p 216–230.

3. T.M. Legka, T.M. Mika, Y.V. Milman, N.P. Korzhova, I.V.

Voskoboynik, and N.M. Mordovets, Constitution of the Al Cor-

ner in the Ternary Al–Ge–Mg Phase Diagram, Powder Metall.
Met. Ceram., 2019, 57(11–12), p 716–722.

4. S. Pukas, L. Pylypchak, O. Matselko, P. Demchenko, and R.

Gladyshevskii, MgAl2Ge2 – A New Representative of the

Structure Type CaAl2Si2, Chem. Met. Alloys, 2012, 5(1/2),

p 59–65.

5. I. Ansara, J.P. Bros, and M. Gambino, Thermodynamic Analysis

of the Germanium-Based Ternary Systems (Al-Ga-Ge, Al-Ge-Sn,

Ga-Ge-Sn), CALPHAD: Comput. Coupl. Phase Diagr. Ther-
mochem., 1979, 3(3), p 225–233.

6. H. Eslami, J. de Franceschi, M. Gambino, and J.P. Bros, An

Electromotive-Force Study of the Activity of Aluminum in Al-

bFig. 3 Microstructures in BSE mode of long-term annealed samples

(a) 250_2, (b) 250_3, (c) 300_4, (d) 300_5, (e) 400_4, (f) 400_5 and

(g) 450_5

Fig. 4 XRD patterns of samples (a) 300_7 where the binary phases

GeMg2, c-AlMg and magnesium coexist and (b) 400_8, where the

92.6% of ternary phase s, 4.3 GeMg2 phase and the 3.1% of

pure aluminum coexist

J. Phase Equilib. Diffus. (2023) 44:127–136 135

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Ga, Al-Ge and Al-Ga-Ge Systems, Z Für Naturforschung A,

1979, 34(7), p 810–817.

7. A.J. McAlister, and J.L. Murray, The Al-Ge (Aluminum-Ger-

manium) System, Bull. Alloy Phase Diagr., 1984, 5(4),

p 341–347.

8. F. Islam, A.K. Thykadavil, and M. Medraj, A Computational

Thermodynamic Model of the Mg–Al–Ge System, J. Alloys
Compd., 2006, 425(1), p 129–139.

9. P. Liang, H.L. Su, P. Donnadieu et al., Experimental Investiga-

tion and Thermodynamic Calculation of the Central Part of the

Mg – Al Phase Diagram, Int. J. Mater. Res., 1998, 89(8),

p 536–540.

10. Y.P. Ren, G.W. Qin, S. Li, Y. Guo, X.L. Shu, L.B. Dong, H.H.

Liu, and B. Zhang, Re-Determination of c/(c?a-Mg) Phase

Boundary and Experimental Evidence of R Intermetallic Com-

pound Existing at Lower Temperatures in the Mg–Al Binary

System, J. Alloys Compd., 2012, 540, p 210–214.

11. R. Shi, Z. Zhu, and A.A. Luo, Assessing Phase Equilibria and

Atomic Mobility of Intermetallic Compounds in Aluminum-

Magnesium Alloy System, J. Alloys Compd., 2020, 825, 153962.

12. W. Klemm, and H. Westlinning, Untersuchungen über die

Verbindungen des Magnesiums mit den Elementen der IV

b-Gruppe, Z. anorg. allg. Chem., 1941, 245, p 365–380.

13. R. Geffken, and E. Miller, Phase Diagrams and Thermodynamic

Properties of the Mg-Si and Mg-Ge Systems, Trans. Metall. Soc.
AIME, 1968, 242, p 2323.

14. Y.K. Rao, and G.R. Belton, Thermodynamic Properties of Mg–

Ge Alloys, Metall. Trans., 1971, 12, p 2215–2219.

15. H. Yan, Y. Du, L. Zhou, H. Xu, L. Zhang, and S. Liu,

Reassessment of the Mg–Ge Binary system Using CALPHAD

Supported by First-Principles Calculation, Int. J. Mater. Res.,
2010, 101(12), p 1489–1496.

16. K. Matsuda, S. Ikeno, and T. Munekata, HRTEM Study of Pre-

cipitates in Al-Mg-Si and Al-Mg-Ge Alloys, Mater. Sci. Forum,

2006, 519–521, p 221–226.

17. K. Matsuda, T. Munekata, and S. Ikeno, Effect of Mg Content on

the Precipitation in Al-Mg-Ge Alloys, S. Mater. Sci. Forum,

2007, 561–565, p 2049–2052.

18. R. Bjørge, C.D. Marioara, S.J. Andersen, and R. Holmestad,

Precipitation in Two Al-Mg-Ge Alloys, Metall. Mater. Trans. A,

2010, 41, p 1907.

19. R. Bjorge, P.N.H. Nakashima, C.D. Marioara, S.J. Andersen,
B.C. Muddle, J. Etheridge, and R. Holmestad, Precipitates in an

Al–Mg–Ge Alloy Studied by Aberration-Corrected Scanning

Transmission Electron Microscopy, Acta Mater., 2011, 59,

p 6103–6109.

20. A. Kawai, K. Watanabe, K. Matsuda, and S. Ikeno, The Age-

Precipitations Structure of Al–Mg–Ge Alloy Aged At 473K,

Arch. Metall. Mater., 2015, 60(2), p 969–970.

21. A.M.M.T. Karim, M.A. Helal, M.A. Alam, M.A. Ali, I. Ara, and

S.H. Naqib, Optoelectronic, Thermodynamic and Vibrational

Properties of Intermetallic MgAl2Ge2: A First-Principles Study,

SN Appl. Sci., 2021, 3, p 229.

22. P Villars Pearson’s handbook crystallographic data for inter-

metallic phases, ASM International 1997.

Publisher’s Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

136 J. Phase Equilib. Diffus. (2023) 44:127–136

123



6.10   Paper 10 

[P10] Zobač, O., Žižka, R., Roupcová, P., Kroupa, A., Experimental study of the Ni-Se-Sn phase 
diagram isothermal sections at 800 K, 1000 K and 1100 K, Journal of Phase Equilibria and 
Diffusion, 2023, 44, pp. 594-605, doi: 10.1007/s11669-023-01058-8. (IF 1.4) 



ORIGINAL RESEARCH ARTICLE

Experimental Study of the Ni-Se-Sn Phase Diagram Isothermal
Sections at 800 K, 1000 K and 1100 K

Ondrej Zobac1 • Rudolf Zizka1 • Pavla Roupcová1 • Ales Kroupa1
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Abstract Three isothermal sections of the Ni-Se-Sn tern-

ary system were experimentally investigated at 800 K,

1000 K and 1100 K in whole composition range. One

stable ternary intermetallic phase, Ni5.62SnSe2, was con-

firmed. Solubility up to 15 at.% of tin was observed in the

binary phase NiSe. Metastable binary phase Ni3Se4 was

found at 800 K probably stabilized by third element.

Complete isothermal sections at 800 K, 1000 K and 1100 K

are proposed in this paper.

Keywords DTA � Ni-Se-Sn phase diagram � Ni5.62SnSe2
phase � SEM-EDX � XRD

1 Introduction and Literature Review

Knowledge of experimental phase diagrams is important

for the development of new materials with specific material

properties. Detailed knowledge of the coexistence and

stability of phases in stable or metastable equilibrium sig-

nificantly rationalizes such design and subsequent devel-

opment of the required properties of new metallic

materials. Phase diagrams are also important for other areas

of science and technology.1

1.1 Binary Subsystem Ni-Se

The phase diagram of the Ni-Se binary subsystem was

investigated by Grønvold et al,2 Hiller and Wegener,3 and

Kuznetsov et al.4 Later, Komarek and Wessely5 proposed

an experimental phase diagram for the binary Ni-Se system

(Fig. 1) based on a combination of x-ray diffraction (XRD)

and thermal analysis (TA) experimental data. This exper-

imental phase diagram was taken as a basis for review by

Lee and Nash6 and Predel7. The latter paper was published

in the Landolt-Börnstein compendium.7 The Ni-Se binary

system consists of five stable and two known

metastable intermetallic phases.

The binary intermetallic phase Ni3Se2 exists in two

structural modifications. The low-temperature hexagonal

modification Ni3Se2_LT
3,5 is stable up to 878 K and the

cubic Ni3Se2_HT
5 is stable in temperature range

863-1058 K. The high-temperature modification Ni3Se2_-

HT is proposed to be non-stoichiometric with solubility

extending into both Ni- and Se-rich regions, but the posi-

tion of the phase boundaries is not reliably known. The

Ni6Se5 phase is stable in the temperature range between

673 and 920 K. It crystalizes in its own orthorhombic

super-structure type in space group oC48 with Pearson

symbol Cmcm.8 The NiSe (also named as Ni(1-x)Se) phase

is non-stoichiometric with the solubility of selenium

between 50-57 at.% Se. The phase has hexagonal NiAs

(B81) structure type with space group P63/mmc4 and is

stable below 1232 K in the phase diagram. The stoichio-

metric phase NiSe2 crystalizes in the cubic FeS2 structure

(Pearson symbol cP12) with space group Pa3 and is

stable below 1129 K.9

For the Ni-Se binary system, structural information is

available for two metastable phases, a’_Ni3Se2
6 and Ni3-

Se4.
3 Phase equilibria in the binary Ni-Se phase diagram
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were recently studied theoretically by CALPHAD

method.10 Experimental phase diagram of Ni-Se system is

shown in Fig. 1.

1.2 Binary Subsystem Ni-Sn

The most recent detailed experimental study of the phase

equilibria in the Ni-Sn system was carried out by Sch-

metterer et al.11 Detailed discussion of previous experi-

mental work is presented in their paper. The Ni-Sn binary

system contains seven intermetallic phases, in some cases

with complex mutual interactions.

TheNi3Sn phase exist in two structuralmodifications. The

low-temperature Ni3Sn_LT is stable up to 1221 K. Ni3-
Sn_LT crystalizes in hexagonalMg3Cd structure type (space

group P63/mmc). The cubic high-temperature modification

Ni3Sn_HT (space groupFm-3 m) exists in temperature range

1184-1462 K. Both phases show narrow homogeneity ran-

ges. The intermetallic phase Ni3Sn2 exists in more structural

modifications and exhibits almost 10 at.% homogeneity

range. The hexagonal high temperature phase Ni3Sn2_HT

(structural type Ni2In, space group P63/mmc) is stable in

temperature range 573-1553 K. Ni3Sn2 has very complex

mutual interaction with the incommensurately modulated

structures (Ni3Sn2_LT, Ni3Sn2_LT’, Ni3Sn2_LT’’) at lower

temperatures. Ni3Sn4 crystalizes in its own structure type

(C2/m) and it is stable up to 1071 K. The maximum solu-

bility is about 5 at.% (Fig. 2).

1.3 Binary Subsystem Se-Sn

Binary system Se-Sn has been assessed by Feutelais et al.12

Two intermetallic phases exist in the system, SeSn and

Se2Sn which melt congruently at 1147 K and 930 K,

respectively. The SnSe phase exists in two structural

modifications, low-temperature SeSn_a phase crystalizes

in GeS structural prototype (space group Pnma) and the

high temperature SeSn_b has a CrB structural prototype

with space group Cmcm. The polymorphic transformation

temperature is 796.5 K. Se2Sn is stoichiometric phase with

CdI2 structural prototype (space group P-3m1) (Fig. 3)

1.4 Ternary System Ni-Se-Sn

The Ni-Se-Sn ternary phase diagram has been investigated

relatively little in the past. The existence and structure of

Fig. 1 Experimental Ni-Se phase diagram proposed by Komarek and

Wessely5

Fig. 2 Experimental Ni-Sn phase diagram proposed by Schmetterer11

Fig. 3 Experimental Se-Sn phase diagram proposed by Feutelais

et al.12
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the ternary phase Ni5.62SnSe2 (space group I4/mmm) was

described by Baranov et al.13 Crystal structure of the

ternary phase Ni5.62SnSe2 was determined by single crystal

XRD, detailed crystal structure parameters are listed in

their paper. Musa and Chen14 have studied the interfacial

reaction in the Ni/SnSe couple. They found ternary phase

Ni5.62SnSe2 and two new ternary phases, Ni3SnSe and

NiSnSe. The Ni/SnSe couple was annealed at temperature

of 573 K for 360 h. The entire reaction couple was not in

thermodynamic equilibrium, but they proposed that all the

interfaces could be valid because the tie-lines in the two-

phase regions could be found by following the reaction

path. Based on these results the isothermal section of phase

diagram at 573 K was constructed.

Table 1 summarizes the stable and metastable phases

reported for the Ni-Se-Sn system and its binary subsys-

tems, including their structure and temperature ranges of

existence.

2 Experimental

The overall compositions of the experimental samples were

chosen with the goal to address the open questions in

existing experimental datasets mentioned above. Further-

more, our aim was to determine as complete as possible the

isothermal phase diagram sections for the selected

temperatures. The prepared samples were analyzed and

characterized by different static and dynamic analytical

methods.

2.1 Sample Preparation

Elements Se, Sn and Ni of high purity 99.999% were used

for the sample preparation. Weighed pieces of pure ele-

ments, sealed in evacuated quartz glass ampoules to pre-

vent evaporation of selenium, were heated to several

temperatures ranging from 673 to 1073 K in 100 K

increments. In doing so, selenium and tin were gradually

mixed to raise the boiling point of the alloy (958 K). This

step was necessary to decrease the amount of evaporated

selenium during nickel melting. To mix nickel with sele-

nium and tin, the samples were melted in an arc melting

furnace under an argon atmosphere. Arc melting was

repeated three times to achieve sample homogeneity. The

prepared samples underwent long-term annealing at

selected temperatures afterwards. The length of the long-

term annealing was chosen with respect to the selected

temperatures, with the aim to reach the state close to

thermodynamic equilibrium. The precise length of

annealing is shown in Table 2. Heat treatment was com-

pleted by quenching the samples in cold water.

Table 1 Intermetallic phases in

the ternary system Ni-Se-Sn
Phase name Person symbol Space group Structure type T range, K References

Ni3Se2_LT hR5 R32 Ni3S2 \ 878 3, 5

Ni3Se2_HT c** n.a. n.a. 863-1058 5

Ni6Se5 oC48 Cmcm Ni6Se5 673-920 5, 8

NiSe hP4 P63/mmc NiAs \ 1232 4

NiSe2 cP12 Pa3 FeS2 \ 1129 9

Ni3Se4 mC14 C2/m Ni3Se4 metastable phase 3

a’_Ni3Se2 tI** n.a. n.a. metastable phase 6

Ni3Sn_HT cF16 Fm-3 m BiF3 1184-1462 11

Ni3Sn_LT hP8 P63/mmc Mg3Cd \ 1221 11

Ni3Sn2_HT hP6 P63/mmc Ni2In 573-1553 11

Ni3Sn2_LT oP20 Pnma Ni3Sn2 \ 781 11

Ni3Sn2_LT’ n.a. Cmcm incnom. \ 753 11

Ni3Sn2_LT’’ n.a. Cmcm incnom. \ 573 11

Ni3Sn4 mC14 C2/m Ni3Sn4 \ 1071 11

SeSn_a oP8 Pnma GeS \ 796.5 15

SeSn_b oC8 Cmcm CrB 796.5-1147 16

Se2Sn hP3 P-3m1 CdI2 \ 930 11

Ni5.62SnSe2 n.a. I4/mmm n.a. \ 1100 [13, this work]

Ni3SnSe n.a. n.a. n.a. … 14

NiSnSe n.a. n.a. n.a. … 14

n.a Stands for ‘‘Not available’’, Metastable phases are in italics

596 J. Phase Equilib. Diffus. (2023) 44:594–605

123



2.2 Experimental Phase Diagram Investigation

A combination of dynamic and static methods was used to

investigate the phase diagram. Samples were cut into the

several pieces and adjusted for the above-mentioned

experimental program. The largest piece was cast in resin

and metallographically ground and polished with OPS

suspension for scanning electron microscopy (SEM). A

smaller piece of the samples was ground in a mortar to a

fine powder and further used for x-ray diffraction (XRD).

Another piece of the samples was sealed in special quartz

glass ampoules for differential thermal analysis (DTA).

The rest of the samples was stored for further investigation

or result confirmation. The microstructure and overall

chemical phase composition were studied using scanning

electron microscopy with energy dispersive x-ray spec-

troscopy (SEM-EDX). The JEOL JSM-6460 or Tescan

LYRA 3 XMH FEG/SEM devices were used for these

measurements. Identification of the phases present in the

samples was done by x-ray powder diffraction using XRD

EMPYREAN device and CoKa radiation. The measured

patterns were interpreted using the HighScore Plus SW and

ICSD databases and Rietveld analysis.

Annealing times and temperatures for each sample, their

overall composition, coexisting phases, and particular

phase compositions after annealing are listed in Table 2.

The first column gives the annealing temperature and

identification number of the sample. The second column

shows the annealing time. The overall composition mea-

sured by SEM-EDX area scan is listed in the third column.

The measured area was chosen with respect to experi-

mental conditions to obtain consistent results. The fourth

column shows coexisting stable phases present in the

annealed samples. The chemical compositions of the

stable phases in the samples are listed in the last three

columns in the same order as in the fourth column.

Differential thermal analysis (DTA) was used to deter-

mine temperatures of the phase transitions in the samples.

They were placed in sealed and evacuated quartz glass

DTA ampoules. Sealed ampoules were used to prevent

uncontrolled evaporation of highly volatile selenium. The

DTA measurements were performed by high-temperature

calorimeter NETZSCH Pegasus 404 C. Calibration of the

DTA analysis is based on measurement of a set of metal

standards with well-defined melting temperatures (Sn, Al,

Zn, Cu, Ag, Au) at the same conditions as the experimental

measurements. Three heating and cooling runs were used

for each sample.

3 Results and Discussion

The experimental results obtained for the long-annealed

samples presented in Table 2 allow us to propose isother-

mal sections of the ternary Ni-Se-Sn phase diagram at 800

K, 1000 K and 1100 K. The constructed sections are dis-

cussed below. Phase boundaries which are not defined by

experimental results, are estimated based on binary sub-

systems and thermodynamic and phase rules and are indi-

cated by dashed lines.

3.1 Isothermal Section at 800 K

Eight binary phases were found stable in the isothermal

section of the Ni-Se-Sn phase diagram at 800 K. Due to the

volatility of selenium, the stability of the Se2Sn phase was

not experimentally confirmed in our samples, because the

final composition of neither sample lies in the region where

its existence was assumed, but we propose the shape of the

relevant phase fields in accordance with the Se-Sn binary

phase diagram. A metastable binary phase Ni3Se4, most

likely stabilized by the third element, was observed. The

amount of dissolved tin in the Ni3Se4 phase was only about

0.5 at.% Sn, nevertheless it was enough for its stabilization.

This conclusion is consistent with information in the lit-

erature.3 Hiller and Wegener3 report that the Ni3Se4 phase

is not stable in a binary Ni-Se alloy, but even small

amounts of impurities can stabilize it. This should be even

more true in the case of Sn serving as the impurity, as the

crystal structures of Ni3Se4 and Ni3Sn4 are identical. This

pseudobinary phase is labeled Ni3Se4(T) in the following

text.

Selected characteristic microstructures found at 800 K

are shown in Fig. 4(a, b). Solubility of up to 10 at.% of tin

was observed in binary phase NiSe and the boundary of the

single-phase region was established with reasonable pre-

cision. Figure 4(a) shows a micrograph of the sample

800K_1 in back-scattered electron (BSE) mode. This

sample contains two phases, NiSe and pseudobinary phase

Ni3Se4(T), stabilized by tin. According the XRD analysis

the phase NiSe2 is present in this sample as well (ca. 13%

of the amount of sample), but unfortunately, we did not

identify this phase in section of the sample studied by

SEM. The microstructure of the sample 800K_8 in BSE

mode consisting of the NiSe ? Ni3Sn2 ? ternary phase

Ni5.62SnSe2 is shown in Fig. 4(b).

Although the whole composition range of the section at

800 K was studied, only one stable ternary phase, Ni5.62-
SnSe2, was found with a small region of solubility. We

have not found the other proposed ternary phases Ni3SnSe

and NiSeSn.14 The present experiments were carried out at

higher temperatures than those used by Musa and Chen,14
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Table 2 Phase composition of long-term annealed representative samples analyzed by SEM- EDX

T [K]_No. Anneal. time , h Overall composition, at.% Proposed stable phases Phase composition, at.%

Ni Se Sn Ni Se Sn

800K_1 2784 19.1 53.8 27.1 Ni3Se4(T) 41.5 58.3 0.2

SeSn_b 1.2 49.4 49.4

NiSe2 * * *

800K_2 2784 35.7 39.2 25.1 Ni3Sn2 57.9 0.6 41.5

SeSn_b 2.1 48.7 49.1

NiSe 45.8 43.9 10.3

800K_3 2784 11.2 14.2 74.5 SeSn_b 0.0 48.9 51.1

liq. (Sn) 0.7 0.0 99.3

Ni3Sn4 41.9 0.1 58.0

800K_4 2784 76.7 14.8 8.5 Ni5.62SnSe2 65.4 22.2 12.4

Ni 97.2 0.8 2.0

Ni3Sn_LT 74.7 1.7 23.6

800K_5 2784 32.7 49.8 17.5 SeSn_b 2.7 48.3 49.0

NiSe(sol.) 46.8 50.4 2.8

800K_6 2784 18.8 54.8 26.4 Ni3Se4(T) 40.9 58.7 0.4

SeSn_b 1.4 49.6 49.0

NiSe2 31.6 68.1 0.3

800K_7 1825 66.2 28.6 5.2 Ni5.62SnSe2 65.0 23.9 11.1

Ni3Se2_LT 58.7 41.1 0.2

Ni 99.3 0.2 0.5

800K_8 1825 52.1 30.4 17.5 Ni5.62SnSe2 63.1 24.3 12.6

NiSe 47.4 48.0 4.6

Ni3Sn2 58.7 0.4 40.9

800K_9 1825 53.9 36.4 9.7 Ni5.62SnSe2 63.3 24.5 12.2

NiSe 48.3 46.9 4.8

Ni3Sn2 59.3 3.2 37.4

1000K_1 1775 15.4 2.6 82.0 Liq (Sn) 0.5 0.4 99.1

SeSn_b 0.1 44.4 55.5

NiSn 42.9 0.4 56.7

1000K_2 1775 82.9 11.3 5.8 Ni5.62SnSe2 65.3 23.4 11.3

Ni 98.0 0.2 1.8

1000K_3 1005 1.7 56.7 41.6 SeSn_b 0.7 51.5 47.8

liquid 0.6 64.7 34.7

NiSe2 34.1* 61.0* 4.9*

1000K_4 1005 60.6 25.4 14.0 Ni5.62SnSe2 62.0 26.0 12.0

Ni3Sn2 59.6 0.3 40.1

1000K_5 1005 60.7 37.6 1.7 Ni3Se2 57.4 42.4 0.2

Ni5.62SnSe2 64.6 24.3 11.1

Ni 98.3 0.2 1.5

1000K_6 1005 46.4 21.6 32.0 Ni3Sn2 58.1 0.0 41.9

SeSn_b 2.0 50.0 48.0

NiSe(sol.) 44.4 41.2 14.4

1000K_7 1295 62.2 26.6 11.2 Ni5.62SnSe2 64.5 23.4 12.1

Ni3Sn2 * * *

NiSe * * *

1000K_8 1295 52.3 30.7 17.0 Ni3Sn2 59.0 0.3 40.7

Ni5.62SnSe2 55.2 37.6 7.2
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so these phases may only be stable at lower temperatures or

the samples of Musa and Chen14 were not sufficiently

equilibrated. Selenium and tin are already molten at 800 K.

The XRD pattern of sample 800K_1 containing reasonable

amount of the pseudobinary Ni3Se4(T) phase is shown in

Fig. 5(a), where also the binary phases NiSe2 and SeSn_ a
were found. XRD measurements showed the structure of

the SeSn_a (Pnma) phase in all samples, although at a

temperature of 800K and higher, the SeSn_b phase is

stable according to the Se-Sn binary phase diagram (see

Fig. 3). This discrepancy is probably caused by the diffi-

culty quenching the high-temperature SeSn_b phase. The

authors believe that, although the SeSn_b phase was not

observed directly in the experiment, it is not possible to

stabilize the SeSn_a phase by a very small presence of

third element so that would it be stable instead of the HT

phase even at the temperature 1100 K and, therefore, the

thermodynamically stable high-temperature phase is the

SeSn_b phase in accordance with the binary phase diagram

existed in the samples prior to quenching. Figure 5(b) rep-

resent the XRD pattern of sample 800K_8.

Figure 6 shows an isothermal section of the experi-

mental Ni-Se-Sn phase diagram at 800K, the overall

composition of the samples measured by SEM is indicated:

Two-phase samples are marked by rectangle, three-phase

samples by triangle. The assumed phase composition of the

binary phases is given by a solid circle on the corre-

sponding binary edges. Thick solid lines show the experi-

mental phase boundaries, the dashed lines represent phase

boundaries estimated from phase diagrams rules and ther-

modynamic laws. Thin solid lines are the tie-lines of the

corresponding sample.

Table 2 continued

T [K]_No. Anneal. time , h Overall composition, at.% Proposed stable phases Phase composition, at.%

Ni Se Sn Ni Se Sn

NiSe 48.6 42.8 8.6

1000K_9 1295 49.1 39.0 11.9 NiSe 48.5 39.7 11.8

Ni3Sn2 58.2 0.5 41.3

1000K_10 1295 26.7 60.4 12.9 Liquid 31.5 68.4 0.1

SeSn_b 0.6 50.4 49.0

NiSe2 31.0 68.9 0.1

1100K_1 1179 73.5 17.0 9.5 Ni3Sn_LT 74.4 0.0 25.6

Ni 91.2 0.2 8.6

Liquid 61.0 37.3 1.7

1100K_2 1179 58.5 25.3 16.2 Ni3Sn2 60.9 0.4 38.7

Ni3Sn 73.8 0.0 26.2

Liquid 58.5 34.9 6.6

1100K_3 1179 35.8 8.1 56.1 Ni3Sn2 54.5 0.1 45.4

Liquid 13.2 15.0 71.8

1100K_4 1179 86.4 11.5 2.1 Ni 97.4 0.1 2.5

Liquid 59.8 38.7 1.5

1100K_5 1179 26.5 34.6 38.9 Ni3Sn2 57.4 0.1 42.5

Liquid 16.9 38.3 44.8

1100K_6 1222 9.1 47.1 47.1 Liquid 9.1 47.1 47.1

1100K_7 673 59.4 1.1 39.5 Ni3Sn2 59.6 0.2 40.2

NiSe 51.7 41.2 7.1

1100K_8 673 50.0 38.7 11.3 Ni3Sn2 ** ** **

NiSe 47.7 46.5 5.8

*Measurement uncertain because of morphology or size of the particle

**Not measurable
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3.2 Isothermal Section at 1000 K

The Ni-Se-Sn phase diagram isothermal section at 1000 K

looks like the isothermal section at 800 K described in

previous chapter. Binary phase NiSe contains about

15 at.% of the tin in its structure.

The effort to prepare bulk sample that would describe

the phase field containing the Ni3Se4(T) phase at 1000 K

was not successful. Therefore, the powder prepared from

sample 800K_1 containing SeSn_a, Ni3Se4(T) and Ni3Se2
phases was used and annealed again at 1000 K, neverthe-

less the XRD analysis showed the coexistence of too many

phases (including SeSn_a, NiSe,Ni3Sn2, Se2Sn and traces

of Ni3Se4(T)) which does not satisfy the Gibbs phase rule.

This sample is clearly not in thermodynamic equilibrium

because each grain in the powder was stabilized in its own

non-equilibrium thermodynamic state. This finding sug-

gests that the phase equilibrium between the two temper-

atures has changed, and we believe that the existence of the

Ni3Se4(T) phase cannot be confirmed at 1000 K. With

respect to the small amount of the phase found it can be

assumed that it will eventually dissolve at this temperature

in a state closer to thermodynamic equilibrium. It would be

useful to re-examine the Ni-Se binary phase diagram in a

follow-up study to confirm the nature of the Ni3Se4 binary

phase.

The ternary phase Ni5.62SnSe2 is found to be stable at

1000 K with a small but not negligible homogeneity

region. The microstructure of the 1000K_2 sample in BSE

mode is shown on Fig. 7(a) and contains solid solution of

(Ni) and ternary phase. Fig. 7(b) shows a micrograph of the

sample 1000K_6 in BSE mode. This sample consists of

three phases: NiSe ? Ni3Sn2 and SeSn_b. Figure 8 XRD

pattern of the sample 1000K_2, consists of Ni5.62SnSe2, Ni

and one more phase which was not identified. It should be

the Ni3Se2_HT phase structure of which is not known

according to the best of our knowledge. The isothermal

section of the Ni-Se-Sn phase diagram at 1000K is shown

in Fig. 9.

Fig. 4 Microstructure of the samples in BSE mode (a) 800K_1

(b) 800K_8

Fig. 5 XRD patterns of the samples (a) 800K_1, consists of patterns

of SeSn_a, Ni3Se4(T) and NiSe2 (b) 800K_8, consists of NiSe,

Ni3Sn2 and Ni5.62SnSe2
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3.3 Isothermal Section at 1100 K

The highest temperature at which the thermodynamic

equilibrium in the Ni-Se-Sn phase diagram was studied was

1100 K. The selenium-rich part of the phase diagram

cannot be analyzed due to the high volatility of selenium.

The Ni content is approx. 17 at.% in liquid selenium and

8 at.% in liquid tin. The latter value is better supported by

the experimental results. The NiSe phase shows 8% tin

solubility. The eutectic liquid at approximately 30% of Se

according to the Ni-Se binary phase diagram dissolves up

to 7 at.% of tin. All other binary phases have negligible

solubilities for the third element and can be considered as

stoichiometric. No ternary phase was found at 1100 K. The

Fig. 6 Isothermal section of the

experimental phase diagram Ni-

Se-Sn at 800K with

superimposed overall

compositions of two-phase

samples (rectangle) and three-

phase samples (triangle)

Fig. 7 Microstructure of the samples in BSE mode (a) 1000K_2

(b) 1000K_6

Fig. 8 XRD pattern of the sample 1000K_2, consists of

Ni5.62SnSe2, Ni and one more phase which is not identified. It

should be the Ni3Se2_HT the structure of which is not known

J. Phase Equilib. Diffus. (2023) 44:594–605 601

123



microstructure of sample 1100K_1 consists of Ni ? Ni3-
Sn ? solidified liquid phase is shown in Fig. 10a. Fig-

ure 10b shows a micrograph of sample 1100K_3 in BSE

mode consisting of Ni3Sn2 and solidified liquid phase. The

solidified liquid phase is made up of SeSn_a and Sn pha-

ses, which were formed during solidification. The XRD

pattern of the sample 1100K_3 consisting of Ni3Sn2, Sn

and SeSn_a phases is presented in Fig. 11. The SeSn_a and

Sn phases were formed during solidification. The con-

structed isothermal section of the Ni-Se-Sn phase diagram

at 1100K is shown in Fig. 12.

3.4 Thermal Analysis

Differential thermal analysis (DTA) was used to experi-

mentally determine the phase transition temperatures in the

samples. The analyses were performed in a NETZSCH

Pegasus 404 C DTA/DSC calorimeter. Samples to be

measured were sealed in evacuated quartz glass DTA

ampoule to prevent uncontrolled evaporation of volatile

selenium from the sample into the calorimeter. The heating

and cooling rates of each run were 5 K min-1. Measure-

ments were done under an argon flow of 50 ml min-1.

Three runs were performed for each sample; the thermal

effects during the second and third heating run are listed in

Table 3. The overall composition of the samples after the

DTA measurement is given in Table 3 because of the very

Fig. 9 Isothermal section of the

experimental phase diagram Ni-

Se-Sn at 1000K with

superimposed overall

composition of two-phase

samples (rectangle) and three-

phase samples (triangle)

Fig. 10 Microstructure of the samples in BSE mode (a) 1100K_1

(b) 1100K_3 consist of Ni3Sn2 and liquid phase. The liquid phase is

made up of SeSn_a and Sn phases, which were formed during

solidification.
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high volatility of selenium a new equilibrium between the

solid and gas phase was established during the measure-

ment. Temperature of phase transition in solid phase was

evaluated as an onset of peak, liquidus was evaluated as a

minimum of a peak or the break on the curve. The DTA

curves of the second and third heating run of the sample

800K_3 is presented in Fig. 13.

Fig. 11 XRD pattern of the sample 1100K_3, consists of Ni3Sn2, Sn

and SeSn_a phases. The SeSn_a and Sn phases were formed during

solidification

Fig. 12 Isothermal section of

the experimental phase diagram

Ni-Se-Sn at 1100K with

superimposed overall

composition of two-phase

samples (rectangle) and three-

phase samples (triangle)

Table 3 DTA signal of selected samples

Sample Composition after DTA measurement Liquidus temperature, K Invariant temperature, K Other reaction, K

Ni Se Sn

800K_2 38.5 37.3 24.2 [ 1173.2 969.8 776.2; 1000.2

800K_3 9.9 16.0 74.1 1091.6 501.5; 1040.0

800K_4 74.4 17.4 8.2 [ 1173.2 872.5; 1017.5 514.2; 853.2, 1096.7

800K_5 42.4 52.3 5.3 1109.2 966.0 1048.0

800K_6 22.5 57.8 19.7 1065.2 1040.8 564. 4; 927.6;
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4 Conclusion

Although an isothermal section of the Ni-Se-Sn phase

diagram at 573 K has recently been published,14 some

complex phase equilibria have not been well described.

Therefore, the aim of this work was focused on a better

understanding of phase equilibria at higher temperature,

especially with respect to the phase equilibria with ternary

phases.

Three ternary phases were described in literature14 as

stable at 573K. Our experimental studies were carried out

at temperatures 800K, 1000 K and 1100 K and isothermal

sections of ternary Ni-Se-Sn phase diagram were obtained

by a combination of several analytical methods: Overall

and phase compositions of samples were measured using

SEM-EDX, the temperatures of phase transitions by DTA

measurements in evacuated quartz-glass DTA ampoules

and the crystal structures were identified by XRD. Fol-

lowing results were obtained in this work:

• Only one ternary phase (Ni5.62SnSe2) was found to be

stable at temperatures 800 K and 1000 K. The phase

was not found at 1100 K.

• Ternary phase Ni5.62SnSe2 exhibits small but non-

negligible solubility around the ideal stoichiometric

composition.

• Ternary phases Ni3SnSe and NiSeSn were not found at

studied temperatures.

• Metastable binary phase Ni3Se4 has been found to be

stable at 800 K as pseudobinary phase, stabilized by

small amount ofSn. This finding reasonably corre-

sponds to the conclusions from Hiller and Wegener.3

• Only the SeSn_a (Pnma) phase was confirmed by

XRD. It is probably caused by the difficulty to quench

the SeSn_b phase. We propose SeSn_b phase as the

thermodynamically stable phase in agreement with the

binary phase diagram.

• Binary phase NiSe shows a relatively high solubility of

Sn with the maximum of about 15 at.% Sn at 1000 K.

The solubility is slightly smaller at 800 K

(10.3 at.% Sn) and 1100 K (8.3 at.% Sn), respectively.

• Ni3Sn2 binary phase exhibits small Se solubility. All

the other binary intermetallic phases show negligible

solubility for the third element.

References

1. T.B. Massalski, Phase diagrams., In: Encyclopedia of Materials:
Science and Technology, K.H.J. Buschow, R.W. Cahn, M.C.

Flemings, B. Ilschner, E.J. Kramer, S. Mahajan, P. Veyssière

(eds), Elsevier Ltd, 2001.

2. F. Grønvold, R. Møllerud, and E. Røst, The High-Temperature

Phases Ni3Se2 and Ni6Se5, Acta Chem. Scand., 1996, 20, p 1997.
3. J.H. Hiller, and W. Wegener, Untersuchungen im System Nickel-

Selen, Neues Jahrb. Miner. Abh., 1960, 94, p 1147–1159.

4. K. Kuznetsov, A. Eliseev, Z. Spak, K. Palkina, M. Sokolova, A.

Dimitriev, Proc. 4th All-Union Conf. Semiconductor Materials,
Moscow, USSR (1961) 159.

5. K.L. Komarek, and K. Wessely, Die Systeme Nickel-Selen and

Kobalt-Nickel-Selen, Monatsh. Chem., 1972, 103, p 923.

6. S.Y. Lee, P. Nash, Ni-Se (nickel-selenium), in: ‘‘Phase Diagrams
of Binary Nickel Alloys’’, P. Nash (ed.), ASM International,

Materials Park, Ohio (1991)

7. B. Predel, Ni-Se (Nickel-Selenium) Landolt-Börnstein - Group

IV Physical Chemistry 5I (Ni-Np – Pt-Zr), O. Madelung (ed),

Springer 1998
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Abstract The theoretical assessment of the Al-Cu-Si was

carried out in this work based on recent experimental

studies (Riani et al. in Intermetallics, 17:154-164, 2009; He

et al. in CALPHAD, 33:200-210, 2009. http://dx.doi.org/

10.1016/j.calphad.2008.07.015; Ponweiser N and Richter

KW in J. of Alloys and Compd, 512:252-263, 2012;

Hallstedt et al. in CALPHAD, 53:25-38, 2016; Zobac et al

in J Mater Sci, 55:5322-15333, 2020). The reassessment of

the Cu-Si system was also carried out in the scope of this

work, as experimental data indicates reasonable solubility

of Al in all intermetallic phases in the Cu-Si binary system,

and the stoichiometric models used in previous assessments

of the Cu-Si binary system are not fully suitable for the

extension into the ternary system. Excellent agreement was

reached for the reassessment of the Cu-Si system with

previous works, and new original results were obtained

during the assessment of the ternary system. The high

solubility of Si in the b(bcc) phase at high temperatures

was modelled to explain experimental inconsistencies in

the Cu-rich corner between 600 and 800 �C, and this

assumption was confirmed experimentally. All main

features of the experimental Al-Cu-Si phase diagram were

reproduced well by theoretical modelling.

Keywords c_brass phase � Al-Cu-Si phase diagram �
CALPHAD � Critical reassessment � Cu-Si

1 Introduction and Literature Review

Phase diagrams are important for the development of new

materials and for an understanding of their properties.

Detailed knowledge about the coexistence and stability of

phases in stable or metastable equilibrium significantly

rationalizes such design and consequent development of

desired materials properties. As the experimental studies of

multicomponent phase diagrams are very time consuming

and the extent of experimental work might be over-

whelming, the theoretical modelling of multicomponent

phase diagrams is a very useful tool for materials

development.

The Al-Cu-Si ternary system has been intensively

studied in recent decades due to its importance in practice.

Due to their low density and good material properties, Al-

Cu-Si alloys are increasingly important for the automotive

and aerospace industries. Despite of this industrial signifi-

cance, there are not many experimental studies devoted

directly to the thermodynamic equilibria and phase dia-

grams of this ternary system[1-4] (see section 1.4).

Therefore, existing experimental data from literature

and our recently published experimental study about phase

equilibria in the Al-Cu-Si system[5] were used to perform a

new CALPHAD type thermodynamic assessment of the

Cu-Si and Al-Cu-Si system. A detailed literature review of
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existing phase diagram information on Al-Cu-Si and its

binary subsystems is given below.

1.1 Al-Cu Binary System

The Al-Cu phase diagram exhibits a wide range of inter-

metallic phases with complex mutual relationships in all

regions of the phase diagram. A detailed literature review

of experimental data is published in our previous

works.[6,7]

The maximal solid solubility of Cu in Al is equal to 2.5

at.% Cu at the eutectic temperature of 550 �C.[8] The

crystal structure of the h-phase was determined as having

the space group I4/mcm by Havinga.[9] Ponweiser et al.[10]

studied the homogeneity ranges of the g-family of phases

by scanning electron microscopy with energy dispersive

x-ray analysis (SEM-EDX) and x-ray diffraction (XRD)

and found that the low-temperature g0-phase extends from

51.9 Cu to 54.8 at%. The orthorhombic g-phase is formed

by peritectic reaction at 620 �C. Gulay and Harbrecht[11,12]

describe the structures of the f-family of phases with the

supposed low temperature modification f0(Al3Cu4) and

high temperature modification f (Al3Cu4-d) in detail. The e-
family of phases exists over a similar composition range as

the f-phases at medium and high temperatures.[8] The

c0(AlCu) (c-Al4Cu9 brass type structure, cP52) to d(AlCu)
transition was addressed by the combined EDX/XRD

investigation and the shape of the (c0 ? d) two-phase field

was postulated from the XRD studies of quenched samples

in our previous work.[6] Liu et al.[13] found that the high

temperature phase labelled c(AlCu) crystallizes in the c-
Cu5Zn8 brass type (cI52) structure and there is a second-

order transition reaction between the crystallographically

related phases c0 and c. The b-phase decomposes by a

eutectoid reaction to (Cu) solid solution and the c0-phase at
a temperature of 567 �C and melts congruently at 1049 �C
according to.[14] The a0 phase with a composition of 77.5

at.% Cu is stable below 363 �C.[15] The maximal solubility

of Al in Cu is 18.5 at.% at the eutectoid temperature of

567 �C.[8]

The first significantly simplified thermodynamic

description of the Al-Cu system was done by Kaufman and

Nesor.[16] Later, further work on the improvement of the

Al-Cu phase diagram and the development of a more

accurate thermodynamic and structural description of rel-

evant phases was based on the comprehensive work of

Murray,[8] who presented a very detailed overview of

existing experimental data and combined this with own

Fig. 1 Calculated binary phase

diagram of subsystem Al-Cu

reprinted from our previous

work[7]
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calculations. Further progress in the field of modelling was

presented by Chen et al.[17] Nevertheless, the assessment of

the Al-Cu system carried out by Saunders and published in

the public COST507[18] database has been most widely

used and accepted in many multicomponent databases later

on. The thermodynamic descriptions of the liquid and c-
brass family of phases were reassessed by Witusiewicz

et al.[14] A further theoretical assessment was presented by

Liang and Schmid–Fetzer,[19] who based their work on the

assessment of Murray[8] and the newer experimental results

of Ponweiser et al.[10] The most recent theoretical

reassessment was published by the authors of this study

in,[7] which is based on their own experimental results[6]

and the results of.[10] Mainly, the less known and

ambiguous parts of the Al-Cu system were studied in this

work[6] and new results on stable and metastable transition

temperatures and ordering reactions were presented. The

binary phase diagram assessed by Kroupa et al.[7] is shown

in Fig. 1.

1.2 Al-Si Binary System

Dörner et al.[20] and Murray and McAllister[21] presented

the early theoretical assessments of the Al-Si phase dia-

gram. Subsequently, the phase diagram of the Al-Si system

was re-adjusted using newer phase stability data and

experimental results by Chakraborti and Lukas,[22] and the

resulting thermodynamic assessment was published by

Gröbner et al.[23] Al-Si is a simple eutectic system with two

solid solution phases, fcc_A1 (Al) and diamond_A4 cubic

(Si) (see Fig. 2). The composition of the eutectic point is

Al-12.2 at.% Si, and the eutectic temperature is 577 �C
(Fig. 3).

1.3 Cu-Si Binary System

The Cu-Si system was investigated intensively in the last

decades due to the possible development of new types of

Fig. 2 Theoretical phase

diagram calculated using data

from COST507[13]
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Li-ion batteries,[24] applications in catalysis[25] and

microelectronic research.[26]

From the experimental point of view, Olesinski and

Abbaschian[27] gave an overview of existing experimental

results and assessed the well accepted Cu-Si phase diagram

in 1986. Later, Sufryd et al.[28] published the most recent

experimental study of the Cu-rich part of the phase dia-

gram, where solubilities of some intermetallic phases were

described, and the temperatures of phase transformations

were studied.

All the intermetallic phases exist in the Cu-rich part of

the phase diagram. The Cu3Si family of phases consist of

three different modifications with slightly different com-

positions stable over different temperature ranges. The

high-temperature Cu3Si modification is denoted as

g(CuSi), an intermediate-temperature phase as g0(CuSi)
and a low-temperature phase as g00(CuSi). The high-tem-

perature g phase melts congruently at 859 �C. A first order

phase transformation is supposed to occur between all

Cu3Si modifications, with two phase fields existing

between 558 and 620 �C for g(CuSi) and g0(CuSi) phases,
and between 467 and 570 �C for g0(CuSi) and g00(CuSi)

phases. The Cu3Si phases g and g0 have a rhombohedral

structure (R-3m and R-3b respectively). No exact infor-

mation about the crystal structure of g00 exists, it was

proposed to have an orthorhombic[29] or tetragonal

symmetry.[30]

The existence of the stoichiometric intermetallic phase

Cu15Si4 (e(CuSi) phase) was intensively discussed in the

literature.[31] The existence of this phase was first described

by Arrhenius and Westgren.[32] Later experimental

works[33,34] based on diffusion-couple experiments did not

confirm the existence of e(CuSi) in the stable phase dia-

gram. Sufryd et al.[28] proposed that the formation of e is

kinetically inhibited, but it is thermodynamically stable in

the Cu-Si system.

The Cu33Si7-LT (c(CuSi) phase) has a cubic structure

(b_Mn). According to,[28] it transforms by a congruent

transformation at approximately 735 �C into the high

temperature d(CuSi) phase modification, but the extent of

the solubility of the low temperature phase has not yet been

precisely determined. According to Shi et al.[35] and

Oleshinski and Abbaschian,[36] the transition temperatures

between high temperature Cu33Si7-HT (d(CuSi) phase) and

Fig. 3 Calculated binary phase

diagram Cu-Si based on dataset

from Hallstedt[4]
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the Cu33Si7-LT (c(CuSi) phase) phases are 724 and

735 �C, respectively.
The b(bcc) and j(hcp) are intermediate solution phases

stable at high temperatures. The b(bcc) phase forms by the

peritectic reaction from (Cu) solid solution and liquid at

852 �C and decomposes by eutectoid reaction at 785 �C.
The j(hcp) phase is formed by a peritectoid reaction from

b(bcc) and (Cu) at 842 �C and decomposes at 552 �C.[37]

The d(CuSi) phase is formed by a peritectic reaction from

b(bcc) and liquid at 824 �C and transforms at 735 �C into

c(CuSi) phase).
In the theoretical field, Kaufman[38] computed the first

simplified version of the phase diagram of the Cu-Si sys-

tem. A more complex description of the Cu-Si phase

diagram was produced by Bühler et al. and published in the

COST507 database.[39] This assessment was later improved

by Yan and Chang.[40] Gierlotka and Haque, in their the-

oretical assessment,[41] modelled the c(CuSi) phase as

stoichiometric, being formed at 732 �C by peritectoid

reaction d ? j ? c. Hallstedt et al.[4] made the most

recent critical theoretical reassessment based on his own

and previously published experimental results. Both Geir-

lotka and Haque[41] and Hallstedt et al.[4] accepted the

conclusion made by Sufryd et al[28] about the stability of

the e(CuSi) phase and it was included in the theoretical

assessment of the Cu-Si phase diagram.

Table 1 List of phases present in the Al-Cu-Si system

Names used in the paper Phase name in database Other common names Pearson symbol Structure type

(Al) FCC_A1 (Al), fcc_A1 cF4 Cu

(Cu) FCC_A1 (Cu), fcc_A1 cF4 Cu

(Si) DIAMOND_A4 (Si) cF8 C

h THETA h, Al2Cu tI12 Al2Cu

g(AlCu) ETA_ALCU g, g1, g _HT oP16/oC16 n.a.

g’(AlCu) ETA_PRIME g0, g2, g _LT mC20 AlCu

f ZETA f, f2 Al3Cu4-d Imm2 Al3Cu4- d

f‘ ZETA_PRIME f’, f1-Al3Cu4 Fmm2 Al3Cu4

e(AlCu) BCC_A2 e, e1, e_HT cubic? n.a.

e’(AlCu) EPS_PRIME e0, e2, e_LT hP4 NiAs

d(AlCu) DELTA_ALCU d, Al5Cu8 hR52 Al4Cu9 (r)

c(AlCu) GAMMA_CUZN c, c0, c_CuZn, c_ D82 cI52 Cu5Zn8

c’(AlCu) GAMMA_ALCU c’, c1, c_AlCu, c_D83 cP52 Al4Cu9

b(AlCu) BCC_A2 b, bcc_A2 cI2 W

a’(AlCu) ALPHA2_ALCU a’, a2,

a _LT

n. a. Super structure based on TiAl3

c(CuSi) CU33SI7_A13 c_CuSi, CuSi_c

Cu33Si7

cP20 b-Mn

d(CuSi) CU33SI7_HT CuSi_d

d_Cu33Si7

tP* n.a

e(CuSi) CU15SI4_D86 CuSi_e

Cu15Si4

cI76 Cu15Si4

g(CuSi) CU3SI_HT CuSi_g

Cu3Si

hR* Cu3Si

g’(CuSi) CU3SI_MT CuSi_g’

Cu3Si_g’

hR9 g0-Cu3Si

g‘‘(CuSi) CU3SI_LT CuSi_g’’

Cu3Si_g’0
oC* n.a.

j(hcp) HCP_A3 CuSi_j hP2 Mg

b(bcc) BCC_A2 CuSi_b cI2 W

n.a. not available.
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Table 2 Invariant reactions

(IR) in the Cu-Si system

compared with theoretical and

experimental data

Inv. reaction Type of reaction T (�C) Composition (at.%.Si) Reference

L ? g_Cu3Si congruent 856.3

…
852.7

24.0

…
24.1

24.0

…
24.1

…
…
…

[4]

[28]

this work

(Cu) ? L ? b(CuSi) peritectic 1 849 ± 2

849.6

848.6

…
11.6

11.5

16.0

16.1

16.0

14.2

14.3

14.2

[28]

[4]

this work

(Cu) ? b(CuSi) ? j(CuSi) peritectic 2 839 ± 2

839.1

839.4

...

11.6

11.6

14.5

14.3

14.2

12.5

12.8

12.8

[28]

[4]

this work

b(CuSi) ? L ? d peritectic 3 821 ± 2

820.6

818.8

16.5

16.0

16.0

19.2

18.5

18.6

17.5

17.5

17.8

[28]

[4]

this work

L ? d ? g eutectic 1 818 ± 3

818.7

818.1

19.8

19.0

18.8

17.7

17.5

18.0

23.2

24.0

23.8

[28]

[4]

this work

L ? g ? (Si) eutectic 2 807 ± 2

806.4

812.7

…
31.2

31.4

…
24.0

25.0

…
100

100

[28]

[4]

this work

d ? g ? e peritectoid 1 800 ± 2

799.2

798.9

18.5

17.5

17.9

23.5

24.0

23.8

21.1

21.1

21.1

[28]

[4]

this work

b(CuSi) ? d ? j eutectoid 1 781 ± 2

782.0

780.7

16.2

15.0

15.0

17.0

17.5

17.3

14.2

13.6

13.5

[28]

[4]

this work

d ? e ? j peritectoid 2 …
…
733.8

…
…
17.4

…
…
21.1

…
…
17.6

[28]

[4]

this work

d ? e ? c 735 ± 2

…
…

17.9

…
…

21.1

…
…

17.8

…
…

[28]

[4]

this work

d ? c …
734.2

…

…
17.5

…

…
17.5

…

…
…
…

[28]

[4]

this work

d ? c ? j eutectoid 2 734 ± 2

…
731.9

16.9

…
17.2

17.5

…
17.5

13.2

…
13.1

[28]

[4]

this work

e ? g ? g0 peritectoid 3 618 ± 3

615.0

613.8

21.1

21.1

21.1

24.2

24.0

23.9

24.2

23.5

23.6

[28]

[4]

this work

g ? g0 ? (Si) eutectoid 3 555 ± 3

557.9

558.4

26.0

24.0

24.9

26.0

23.5

24.5

100

100

100

[28]

[4]

this work

e ? g0 ? g0 0 peritectoid 4 570a

549.1

548.9

21.1

21.1

21.1

24.4

23.5

23.6

24.4

23.0

23.6

[28]

[4]

this work

j ? c ? (Cu) eutectoid 4 552a

552.3

555.9

…
10.8

10.5

…
17.5

17.2

…
9.5

9.3

[28]

[4]

this work

g0 ? g0 0 ? (Si) eutectoid 5 467a

476.3

469.2

…
23.5

24.5

…
23.0

24.4

…
100

100

[28]

[4]

this work

aExperimental value from literature

IRs written in italics are different in different literature
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1.4 Al-Cu-Si Ternary System

The ternary system Al-Cu-Si was first studied by Mat-

suyama[42] and Hisatsune[43] in the 1930s. Both authors

used the thermal analysis and studied the thermal arrest

signals to identify the phase transformations. Mat-

suyama[42] also used the electrical resistance method and

microscopical examination. Hitsasune[43] measured the

overall composition of all samples ‘‘by analysis’’, no other

details were given in his paper. They described the phases

present in the binaries and information on invariant ternary

equilibria including the liquidus surface projection. Several

isopleths of in Al-Cu-Si were studied by Phillips.[44] Lukas

and Lebrun[45] collected all relevant phase diagram infor-

mation up to the year 2005 and carried out an assessment of

the phase diagram information. They identified no ternary

intermetallic phases at that time. These works were sum-

marized in the review paper by Raghavan[46] in 2007.

Later, Riani et al.[1] determined the isothermal section at

500 �C for the whole composition range, with special

attention to Cu-rich alloys and He et al.[2] experimentally

studied the isotherms at 500 and 600 �C.
More recently, Ponweiser and Richter[3] studied

isothermal phase equilibria at 500 and 700 �C. A ternary

high-temperature phase s was found to exist in the 700 �C
section. The b(bcc) phase, which was reported in the Al-Cu

subsystem, was omitted in their isothermal section. It was

clearly an error when drawing the isothermal section as

negligible solubility of Si in this phase at this temperature

was expected. They studied the isopleths for 40 and 10

at.% Si and presented a full isopleth for 40 at.% Si. The

isopleth for 10 at.% Si shows significant inconsistency in

the Cu-rich region, where the authors failed to describe the

phase equilibria at temperatures between 500 and 800 �C
consistently with the phase equilibria result for the iso-

therms at 500 and 700 �C. They also assessed the reaction

sequences in the Cu-rich part of the ternary Al-Cu-Si

system.

The most recent results of the Al-Cu-Si phase diagram

experimental study focused mostly on the equilibria in the

Cu-rich corner, were presented in our previous paper.[5]

Here the isothermal sections at 600 and 800 �C were

studied and several distinctive features not identified in

previous works were described. Significant solubility of Al

was found in the high temperature d(CuSi) phase which

reaches approximately 6-8 at.%. Also the g, g0-Cu3Si
phases exhibit solubility of Al at a level of several at.%.

The presumed ternary s phase described by Ponweiser and

Richter[3] at 700 �C was identified as the high temperature

d(CuSi) phase in this paper.[5] It is stabilized by the Al

content at lower temperatures where it exists in equilibrium

with low temperature modification c(CuSi). Also, a sig-

nificantly higher solubility of Al was found in the j(hcp)

phase at both studied temperatures. Except of these two

findings, the rest of the Cu-rich corner phase diagram is

consistent with the results presented by Ponweiser and

Richter,[3] Riani et al.[1] and He et al.[2] for isothermal

sections at various temperatures.

Only one study reports thermodynamic data for the Al-

Cu-Si system, namely enthalpies of mixing at 1575K for

three different sections (AlxSi1-x - Cu, x = 0.2, 0.5, 0.8)

which were measured by Witusiewicz et al.[47]

The first attempt of a theoretical assessment was carried

by Pan et al.,[48] who focused on an optimization of the

experimental thermodynamic data in the Al-rich liquid

phase. They computed a liquidus projection and vertical

sections depicting the liquid-solid equilibria and compared

these results with the experimental data. This work was

also included in the paper of Raghavan.[46]

The first full thermodynamic assessment of the Al-Cu-Si

system was presented by He et al.[2] supported by their own

experimental results. Nevertheless, they used simplified

models for the family of c-brass phases in their theoretical

assessment, and these models do not allow to model Cu-

rich c0(AlCu) phase, which was confirmed by above men-

tioned experimental works, including their own.

Hallstedt et al.[4] published the most recent theoretical

description of the Al-Cu-Si system, but they specified that

they did not carry out a complete assessment but just a

preliminary study which reasonably describes the main

features of the available experimental isothermal and iso-

composition sections. Their work also contains a very

detailed description of the experimental results available at

the time of its publication.

A list of all phases present in the ternary system is given

in Table 1. There is a significant number of phases in this

ternary system stemming from the Al-Cu and Cu-Si binary

subsystems with similar crystal structures, compositions

and common names. Therefore, their unambiguous names

used in the scope of this paper are presented in the column

1 of Table 1. Other common names, the names used in the

thermodynamic database and their crystallographic char-

acterizations are in adjacent columns.

2 Thermodynamic Modelling

The semiempirical CALPHAD approach[49,50] was used for

thermodynamic modelling and calculation of the phase

diagram. This approach is based on the theoretical mod-

elling of thermodynamic equilibria starting with binary

systems using reliable and consistent phase and thermo-

dynamic experimental data to obtain a consistent set of

thermodynamic parameters. These thermodynamic datasets

of relevant binary systems are then combined to model

ternary and higher order systems, using again available
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experimental data. Additional ternary and higher order (if

necessary) thermodynamic parameters are used to describe

the difference between the phase diagrams calculated using

just the parameters from binary systems and the experi-

mental data.

The compositions of phases in equilibrium correspond

to the total minimum Gibbs energy of a closed system at

constant temperature and pressure. Calculations were done

using Thermo-Calc[51] and Pandat[52] software which solve

the constrained minimization problem to determine the set

of non-negative number of individual components in

equilibrium phases. The Gibbs energies are considered

relative to the Standard Element Reference state (SER) at

298.15 K and 1 bar. The Gibbs energy data for the pure

elements were taken from the SGTE database for pure

elements ver. 5.0.[53]

2.1 Solution Phases

The Gibbs energy of the substitutional solid solution is

mostly modelled by a substitution model with one sublat-

tice, which assumes the mixing of three elements Al, Cu

and Si. For the thermodynamic description of the molar

Gibbs energy of the liquid phase, the substitution solution

model is also used.

The Gibbs energy of the solution phase a is expressed as

follows

Ga
m T; xað Þ ¼ 0Ga

m Tð Þ þ idGa
m T ; xað Þ þ EGa

m T ; xað Þ
ðEq 1Þ

where the first term is the reference molar Gibbs energy,
0Ga

m Tð Þ, which is calculated as the weighted sum of the

Gibbs energies of the constituent i of the system in the

crystal or liquid phase a with respect to the above-men-

tioned reference state.

The second term in (Eq. 1) is the contribution to the total

Gibbs energy resulting from the ideal mixing of the com-

ponents in the lattice, where n is the number of components

(Eq. 2).

idGa
m ¼ RT

Xn

i¼1

xi: ln xið Þ ðEq 2Þ

The third term, the Gibbs excess energy, EGm
a, describes

the effect of the non-ideal behaviour of the system on the

thermodynamic properties of the phase and is given by the

Redlich-Kister-Muggianu formalism.[54,55]

EGa
m ¼

Xn

i; j ¼ 1

i 6¼ j

xixj
Xm

z¼0

zLi;j xi � xj
� �

þ
Xn�2

1

Xn�1

j¼iþ1

Xn

k¼jþ1

xi � xj

� xk � Li;j;k
ðEq 3Þ

where zLi,j is a temperature-dependent binary interaction

parameter describing the interaction between components i

and j and Li,j,k is an interaction parameter describing the

possible ternary interactions. This temperature dependence

is usually defined as follows:

L Tð Þ ¼ a þ bT þ cTlnðTÞ ðEq 4Þ

This substitutional model was used to model the

LIQUID phase in this work in the form (Al,Cu,Si)1.

The terminal solid solution phases, existing in the sys-

tem as (Al), (Cu) with fcc_A1 structure, can be modelled

with the substitutional solid solution model described

above. Nevertheless, to keep the consistency with other

thermodynamic datasets and multicomponent databases,

this solid solution is modelled using two-sublattice model,

used mainly for interstitial solid solutions. Here first sub-

lattice of the model is identical with above described model

and is occupied by elements located in substitutional

positions in the crystal structure. The second lattice is

usually partly occupied by elements like C or N located in

interstitial positions, the rest of the sublattice is empty

(occupied by vacancies Va). As there are no interstitial

elements in this system, the second sublattice is empty, and

the model corresponds to the one sublattice solid solution

model. More details about the interstitial solid solution

model can be found in.[49,50] Therefore, the specific model

for the fcc_A1 phases (Al) and (Cu) is named FCC_A1 and

defined as (Al,Cu,Si)1(Va)1.

Silicon crystallizes in diamond_A4 structure, where the

solubility of other elements is negligible. In this work, the

model proposed in the work of Hallstedt et al[4] was used in

the form (Al,Si)1(Cu,Va)1. The name of this phase is

DIAMOND_A4.

In addition to the terminal solid solutions, some inter-

metallic phases also crystallize in the hcp_A3 and bcc_A2

structures. Here, the substitutional model can be used as

described above, but again, for consistency reasons, the

two-sublattice model for interstitial solid solutions is used

for these phases. Therefore, the e(AlCu), b(AlCu), b(CuSi)
are modelled as (Al,Cu,Si)1(Va)3 using the name

BCC_A2.

The crystal structure of the j(hcp) phase was identified

as hcp_A3, and the two-sublattice model named HCP_A3

was used with the model (Al,Cu,Si)1(Va)0.5.
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2.2 Intermetallic Phases

The ternary Al-Cu-Si system contains many intermetallic

phases with complex mutual relations and often with

complex crystal structures. The Compound Energy For-

malism is used to model such phases in the CALPHAD

method, which is based on the existence of several sub-

lattices with various occupancies by elements and various

sizes of the sublattice. The sublattices are defined either

with respect to the crystallography of the phase or the

composition of the phase if the structures are unknown or

too complex. The number of sublattices in a model for a

given intermetallic compound is chosen taking into account

the complexity of the crystal structure, the composition of

the phase and the extent of mutual dissolution of the ele-

ments in the structure.

Here we present the basic principles for the case of two

sublattices in the phase; details of this approach can be

found for example in.[48,49]

The reference Gibbs energy equivalent to the Eq. (1) for

the two-sublattice model is given as

Gu
ref ¼

X

i;j

1yi � 2yj � 0Gi:j i; j ¼ Al;Cu; Si;Va ðEq 5Þ

where the term pyi is the site fraction of each constituent in

given sublattice p (1 or 2); G(i:j) is the Gibbs formation

energy of ’end-member’ i:j or of pure element i in the

crystal structure u when both sublattices are occupied by

the same component. Usually only a few end-member

compounds exist, but reasonable Gibbs energy data for all

end-members are required for theoretical modelling.

The ideal mixture term is given by

Gu
id ¼

X2

p¼1

fp �
Xn

i¼1

Pyi � ln Pyi
� �

ðEq 6Þ

Fig. 4 Reassessed Cu-Si phase

diagram compared with

experimental data from DTA

measurements from Sufryd

et al.[28]
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where fp is the stoichiometric coefficient for sublattice p,

and the second summation describes the effect of the ideal

mixture in the sublattice p as in equation (2).

The simplest model to describe the contribution of

excess Gibbs energy in a two-lattice model is defined as

follows:

Gu
E ¼

X
1yi �1 yj �2 yk � L i;j:kð Þ þ

X
�1yi �2 yk �2 yl � L i:k;lð Þ

ðEq 7Þ

where

L i;j:kð Þ ¼
Xz

0

zL i;j:kð Þ � yi � yj
� �z ðEq 8Þ

The parameter zLi,j:k describes the interaction of com-

ponents i and j in the first sublattice when the second

sublattice is completely occupied by component k. This

definition can be extended to any number of sublattices.

2.2.1 Models for Intermetallic Phases

The two sublattice models were used for most of inter-

metallic phases in the Al-Cu and Cu-Si systems. As men-

tioned above, there are no intermetallic phases in the Al-Si

system. The solubility of third element is very small or

unknown in many binary phases, especially in the Al-Cu

system, therefore, the models defined in the work of

Kroupa et al.[7] with no assumed solubility of Si were used

in such case. Limited experimental information about the

e(AlCu) and d(AlCu) phases were obtained from the

papers[5] and[2] where a small solubility of Si was intro-

duced to reproduce the phase equilibrium observed there.

The only phase which exhibits great solubility of Si in

the ternary system studied is c0(AlCu). Here again the

model from[7] was used and the presence of Si was

assumed in the same sublattices as Al. The information

about crystal structures and the occupancies of specific

positions was used for the definition of sublattice models of

Fig. 5 Enthalpy of mixing for

liquid phase at 1008 �C
compared with experimental

data from Iguchi[56],

Castanet[57] and Batalin.[58] The

reference states are pure liquid

Cu and Si. The difference

between our calculation and the

calculation from Hallstedt[4]

cannot be distinguished
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the c-brass family phases D83 (c0(AlCu), labelled GAM-

MA_ALCU) and D82 (c(AlCu), labelled GAMMA_-

CUZN). They are modelled using a four sublattice model

based on their crystallography. The sublattice occupancies

are defined as (Al,Cu,Si)2(Cu)2(Cu)3(Al,Cu,Si)6 for both

low-temperature and high-temperature phases. This model

was selected within the scope of the development of

material specific databases as it is the most general, and it

should allow to cover the known compositional ranges of

all c-brass family phases also in other nonrelated sys-

tems. The models of the binary phases for the Al-Cu sub-

system (adjusted from [7]) are shown in Table 3.

The intermetallic phases found in the binary Cu-Si

system mostly exhibit small to moderate solubility of alu-

minium, and therefore, the models had to be adjusted to

cover the experimental findings. Also, the experimental

data from[5] indicate the need for the change of some

models for binary Cu-Si phases, as the stoichiometric

models used in previous Cu-Si assessments,[4,14] especially

d(CuSi) and the family of g(Cu3Si) phases, would be dif-

ficult to extend to ternary assessment. Therefore, the

reassessment of the Cu-Si binary system was carried out,

with the dataset of Hallstedt et al.[4] being used as the basis

when possible. This reassessment is presented in the fol-

lowing chapter, and the selection of models is described

there in detail.

Fig. 6 Calculated chemical

potentials for Cu and Si in liquid

phase at 1400�C compared with

experimental data from.[59-63]

The reference states are pure

liquid Cu and Si
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Fig. 7 Calculated isothermal

section of the Al-Cu-Si system

at 500�C (a) and detail of the

Cu-rich corner (b) with

experimental data from He

et al.[2] (up and down pointing

triangles) and Ponweiser and

Richter[3] (circles and stars)

superimposed (solid circles or

up pointing triangles - correct

equilibrium, empty circles or up

pointing triangles – wrong

equilibrium, stars or down

pointing triangles - close to

correct equilibrium)
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Fig. 8 Calculated Cu-rich

corner of isothermal section of

the Al-Cu-Si system at 600�C
with experimental data from He

et al.[2] (up and down pointing

triangles) and Zobac et al.[5]

(circles and stars) superimposed

(solid circles or up pointing

triangles - correct equilibrium,

empty circles or up pointing

triangles – wrong equilibrium,

stars or down pointing triangles

- close to correct equilibrium)

Fig. 9 Calculated Cu-rich

corner of isothermal section of

the Al-Cu-Si system at 700 �C
with experimental data from

Ponweiser and Richter[3]

(circles and stars) superimposed

(solid circle - correct

equilibrium, empty circle –

wrong equilibrium, empty star -

close to correct equilibrium).

Squares indicate samples, where

the experiment showed

equilibrium with j(hcp), but the
calculations predicted

equilibrium with b(bcc)
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Fig. 10 Calculated isothermal

section of the Al-Cu-Si system

at 800�C (a) and detail of the

Cu-rich corner

(b) superimposed with

experimental data from Zobac

et al.[5] (solid circle - correct

equilibrium, empty circle –

wrong equilibrium, empty star -

close to correct equilibrium).

Squares indicate samples, where

the experiment showed

equilibrium with j(hcp), but the
calculations predicted

equilibrium with b(bcc)
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3 Results

3.1 The Reassessment of the Cu-Si System

The most recent assessment of the Cu-Si system was

published by Hallstedt et al.[4] and this work was originally

accepted as a basis for the assessment of the ternary sys-

tem. The liquidus curve and the invariant reactions and

temperatures were correctly described with respect to their

own and literature thermodynamic and phase experimental

data, mainly the work of Sufryd et al.[28] With respect to

the small extent of experimental data all intermetallic

phases were modelled as stoichiometric with exception to

j(hcp) and b(bcc) where enough experimental data was

available to model the solubility.

The stoichiometric models for the rest of intermetallic

phases were nevertheless found not being suitable for the

assessment of the Al-Cu-Si ternary system with respect to

the experimental phase data from[3] and.[5] The reason for

the reassessment only became apparent when the work on

the optimization of the ternary system started and we had to

take into account the solubilities of Al in these phases.

The main feature of Hallstedt et al.’s assessment of the

Al-Cu-Si ternary system is the constant content of Cu in all

Cu-Si stoichiometric intermetallic phases. The experi-

mental results published by Ponweiser and Richter[3] and

Zobac et al.[5] indicate that the situation is more compli-

cated, and the phase composition data presented in the

tables in[3] and[5] showed that some intermetallic phases do

not behave this way, e.g., the content of Si in the e(CuSi)
phase seems to be constant, even if the experimental errors

are taken into account. In the case of the c(CuSi) phase,

Fig. 11 Calculated isopleth

section of the Al-Cu-Si system

for 10 at.% Si with experimental

data from Ponweiser and

Richter[3] (circles - invariant

reactions, triangles - liquidus

temperatures during heating and

cooling, diamonds - other

signals). The single phase fields

for (Cu), b(bcc) and j(hcp) are
highlighted by various shades of

grey and only relevant phase

fields are identified due to

complexity of the vertical

section
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neither Cu nor Si seem to be constant with increasing

amounts of Al in the phase. Similarly, the d(CuSi) phase
exhibits significant solubility of Al, and both the content of

Cu and Si is not constant according to Table 2 in the

paper,[5] the Cu content varies between 77 and 80.5 at.%

depending on the Al content in the ternary alloy. A similar

situation is also true for Si. These results indicate that the

Al atoms do not simply occupy only Si positions in the

crystallographic structures of these phases.

Extending Hallstedt’s models for intermetallic phases by

adding the Al to both sublattices does not allow to satis-

factorily model the experimental data from[3] and[5] in the

ternary system. Therefore, it was necessary to return to the

binary Cu-Si subsystem and change some of the models.

The main aim was not modelling some solubility in the

binary system, as more significant solubility presented in

the work of Sufryd et al.[28] exists only for the g(CuSi)
family of phases and it is less than 1% for the rest of phases

modelled by Hallstedt et al.[4] as stoichiometric. We reas-

sessed the Cu-Si system to obtain the flexibility needed to

model the phase behaviour and solubility of Al in the

assessment of the ternary system.

We considered the nonstoichiometric character of the

g(CuSi)-family of phases and d(CuSi) and c(CuSi) phases
proposed in the work by Sufryd et al.[28] They studied the

samples after long term equilibration by high temperature

x-ray diffraction, electron probe microanalysis and x-ray

diffraction at room temperature after cooling and did

extensive differential thermal analysis (DTA) measure-

ments in the Cu-rich region.

The binary Cu-Si reassessment is still based on the data

published by Hallstedt et al.[4] The models for liquid phase,

(Cu) and (Si) solid solutions, j(hcp) and b(bcc) were taken
from their work[4] and the parameters were used as starting

point for the reassessment of the system.

The models for the g(Cu3Si) family of phases were

selected as (Cu,Si)0.76(Cu,Si)0.24. The phase names are

CU3SI_HT for g(CuSi), CU3SI_MT for g0(CuSi) and

CU3SI_LT for g00(CuSi). Similar two sublattice models

were selected for the low and high temperature modifica-

tions of the c(CuSi) and d(CuSi) in the form

(Cu,Si)0.825(Cu,Si)0.175 with the names CU33SI7_A13 and

CU33SI7_HT. The e(CuSi) phase was still modelled as

stoichiometric phase (Al)15(Si)4 according to[4] as there is

no information about solubility in this phase.[28]

Fig. 12 Calculated isopleth

section of the Al-Cu-Si system

for 40 at.% Si with experimental

data from Ponweiser and

Richter[3] (circles - invariant

reactions, triangles - liquidus

temperatures during heating and

cooling, diamonds - other

signals). Only relevant phase

fields are identified due to

complexity of the vertical

section
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In the first step of the re-assessment, the thermodynamic

descriptions of the Gibbs energy of the liquid phase and the

other phases, whose models have remained unchanged

from Hallstedt et al.,[4] were adopted. The remaining

intermetallic phases were assessed afterwards, taking into

account the character and temperatures of invariant reac-

tions. Less weight was given to the solubilities of these

phases with respect to uncertainties indicated in the work

of Sufryd et al.[28] Also, less weight was given to the

transition temperatures between the g0(CuSi) and

g00(CuSi), as there is no experimental data.[28] The values

identical with the work of Hallstedt et al.[4] were set as a

target for the assessment. Parameters for all phases were

readjusted in the final step of the reassessment to obtain the

best possible agreement between the experiments and cal-

culations. No parameter changes for the (Cu) and (Si) solid

solutions were necessary, and only a very small change in

one interaction parameter for liquid phases was made in

this final step.

The Cu-Si phase diagram, together with experimental

data, is shown in Fig. 4. The data for the invariant reactions

compared to other experimental and calculated literature

results are shown in Table 2.

The comparison of thermodynamic calculations with

selected thermodynamic experimental data are shown in

Fig. 5 and 6. The enthalpy of mixing in liquid phase at the

temperature 1008 �C is presented in Fig. 5, calculated

chemical potentials of Cu and Si in liquid phase of the Cu-

Si system at 1400 �C are shown in Fig. 6.

3.2 The Assessment of the Al-Cu-Si System

The assessment of the Al-Cu-Si system was carried out

because of the lack of proper theoretical description of this

industrially important system. As mentioned above, only a

Fig. 13 Calculated isopleth of

the Al-Cu-Si system at 1 wt% Si

compared with experimental

data from.[44] The experimental

points were redrawn from the

work from.[2]
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complete theoretical assessment was carried out by,[2]

where the three sublattice model (Al,Si)4(Al,Cu)1(Cu)8 was

accepted from[18] for the c0(AlCu) and c(AlCu) phases.

This model limits the maximum content of Cu to approx.

70 at.%. This limitation does not allow a correct descrip-

tion of the experimentally found behaviour of the above

mentioned c(AlCu) and c0(AlCu) phases, where the Cu

content exceeds this value with increasing content of Si.

All experimental results describing the Al-Cu-Si iso-

therms[1-3,5] show this behaviour.

The theoretical assessment carried out by Hallstedt

et al.[4] used 3 sublattice model (Cu)4(Cu)6(Al,Cu,Si)16
which covers experimentally observed compositions, but

their work focused on the experimental and theoretical

study of the Cu-Si system and the assessment of the ternary

system was only preliminary and proved the applicability

of the above mentioned 3 sublattice model for the

description of the behaviour of c(AlCu) and c0(AlCu)
phases.

The assessment was carried out using the Thermo-Calc

and Pandat software packages in this work. The experi-

mental phase equilibria data were used from Riani et al.

(experimental isotherm at 500 �C),[1] He et al.[2] (experi-

mental isotherm at 500 and 600 �C), Ponweiser and

Richter[3] (experimental isotherm at 500 and 700 �C, iso-
pleths for 40 and 10 at.% Si), Zobac et al.[5] (experimental

isotherm at 600 and 800 �C, DSC measurements) and

Phillips[44] (isopleths for 4 Cu and 1 wt.% Si). The older

experimental results from Matsuyama[42] and Hisatsune[43]

were used for later verification of the obtained results. The

only thermodynamic data, the enthalpies of mixing at

1575K for three different sections (AlxSi1-x - Cu, x = 0.2,

0.5, 0.8) published by Witusiewicz et al.[47] were used as

well.

Fig. 14 Calculated isopleth of

the Al-Cu-Si system at 4 wt%

Cu compared with experimental

data from.[44] The experimental

points were redrawn from the

work from.[2]
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Fig. 15 Calculated enthalpies

of mixing of liquid at 1575 K

along the sections,

(a) Al0.8Si0.2-Cu;

(b) Al0.5Si0.5-Cu;

(c) Al0.2Si0.8-Cu, compared

with experimental data from[47]
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The results of the assessment using the above mentioned

experimental results are presented in Fig. 7, 8, 9, 10, 11,

12, 13, and 14, where the isothermal sections at 500, 600,

700 and 800 �C are shown, together with the isopleths for

10 and 40 Si and for 4 wt.% Cu and 1 wt.% Si.

The agreement between the experiment and modelling is

good for most of the results except for limited parts of the

isothermal sections of the ternary phase diagram at 600,

700 and 800 �C. Here the equilibria between (Cu) solid

solution and j(hcp) phase (dissolving large amount of Al)

and only negligible solubility of Si in b(bcc) phase was

found in all used experimental data from,[1–3,5] but there

was significant inconsistency with other experimental data,

especially for the 800 �C isotherm and the isopleth for 10

at.% of Si.[3]

All these results and problems are discussed in detail in

the following Section 4. Significant inconsistencies

between experimental results and modelling are described

and the solution used to resolve the discrepancies during

the assessment is described.

The only available thermodynamic data were measured

by,[47] who published the enthalpies of mixing for three

sections with a constant Al/Si ratio at 1302�C. The results

of the modelling are presented in Fig. 15, 16 and 17.

There are no systematic experimental studies of the

liquidus surface of the ternary system. Small DTA study

was carried out by Zobac et al.[5] They prepared samples in

the section where single c0(AlCu) phase should exist at

temperatures studied in that work and measured the tem-

peratures of liquidus, solidus and a few other phase trans-

formations in the high temperature region. Selected

samples belong to the section between the binary

(80Cu20Si) and (35Al65Cu) compositions (at.%).

The prediction of the liquidus surface of the system is

shown in Fig. 16. The invariant reactions which include

liquid phase are shown in Table 4. The isopleth for com-

positions mentioned in previous paragraph is presented in

Fig. 17. The complete liquidus surface looks very reason-

able and there is excellent agreement between the calcu-

lations and the DTA measurements from the work.[5]

Fig. 15 continued
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The theoretical dataset of the Al-Cu-Si system is pre-

sented in Table 3 together with the data for the Cu-Si

binary system.

4 Discussion

4.1 The Reassessment of the Cu-Si System

The results presented in the Fig. 4, 5 and 6 show very good

agreement not only with the experimental data but also

agree well with the results published earlier by Hallstedt

et al.[4] As the reassessment was based on their work, it

indicates that the changes in the description of the key

intermetallic phases were properly introduced into the new

dataset. The thermodynamic parameters used for the cal-

culation are presented in Table 3.

4.2 The Assessment of the Al-Cu-Si System

4.2.1 Disagreement Between Experiments

and Calculations

Characteristic features of all isotherms, based on the

experimental data in the literature [1, 2, 3, 5), are extensive

solubility of Si in c0(AlCu) phase and similarly high sol-

ubility of Al in j(hcp) phase as is shown in Fig. 18. On the

Fig. 16 Calculated liquidus surface prediction of the Al-Cu-Si system
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other hand, the b(bcc) phases existing in the Al-Cu and Cu-

Si systems both show very low solubility for the third

element.

Therefore, great attention was paid to the proper repre-

sentation of these features in the first part of the theoretical

assessment and the version 1 of the thermodynamic data-

base was created. The results obtained in this first stage of

the assessment work were in good agreement with exper-

iments mentioned in the section 3.2 and also with the final

results presented in Fig 7, 8 and 12, 13, 14 and 15 for 500

and 600 �C and for all but one of the presented vertical

sections. Only negligible differences were found for almost

all calculations using version 1 of the database in com-

parison with the final one (Table 3) for the same sections.

The only significant differences were found for the iso-

therm at 800�C and the isopleth for 10 at.% of Si. The

results of these two calculations obtained using version 1 of

the database are shown in Fig. 19, 20.

Serious problems can be seen in Fig. 19 and 20. There is

clear disagreement of experiments and calculations

between 600 and 800 �C up to 10 at.% of Al in Fig. 19,

where set of DTA signals was observed for compositions

that belong to j(hcp) single phase field and cannot be

attributed to any phase boundary. This area was not

interpreted by Ponweiser and Richter in their experimental

work (Fig. 7 in[3]) and no phase boundaries were drawn in

their work for this region.

In the case of isotherm shown in Fig. 20, most samples

fit well with calculated phase fields, except of the (Cu) ?

j(hcp) two phase field. Here, the (Cu)/(j ? (Cu)) phase

boundary is reasonably presented, but serious disagreement

exists for the (j ? (Cu))/j phase boundary. Generally, it is

near to impossible to model such a much wider two phase

field with respect to the model used for the j(hcp) phase
and its solubility in the Cu-Si binary subsystem (Table 4).

Checking Fig. 19 and 20, it is clear that a solution to this

problem must be found (the simpler, the better) with

respect to other experimental results, which seem to be

mutually consistent (except of Fig. 19). It is difficult to

reason that intermetallic phases or a possible ternary phase

identified in[3] can at the same time explain the existence of

undescribed signals in Fig. 19 and the disagreement at

800 �C. Hallstedt et al.[4] proposed that b(bcc) phase can

play a certain role in it, as there are complex relations

between phases with A2 structure in both binary systems of

interest. Two A2 phases exist in the Al-Cu system: the

b(AlCu) phase in the Cu-rich region, where the A2 struc-

ture was reliably confirmed and the e(AlCu) phase, where
the structure is just proposed and not definitely known. The

Fig. 17 Calculated isopleth Cu80Si20-Al35Cu65 (at.%) in comparison with experimental DSC data from[5] (solid diamonds – liquidus, solid

squares – solidus, circles – other reactions)
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Table 3 Thermodynamic parameters for liquid and optimised intermetallic phases in the Cu-Si binary and Al-Cu-Si ternary system (* optimised

in this work)

Database name

(constituents)

Name used in the text

Thermodynamic parameters (298.15\T\ 6000 K) Ref

LIQUID (Al, Cu, Si)1 Liquid Al-Cu
0LLIQ

Al,Cu = - 69250.79 ? 10.30229*T [7]
1LLIQ

Al,Cu = ? 36119.82-10.2142*T [7]
2LLIQ

Al,Cu = 11596.81-9.5733*T [7]
3LLIQ

Al,Cu = - 15246.64 ? 11.53621*T [7]

Al-Si
0LLIQ

Al,Si = - 11340.1-1.23394*T [23]
1LLIQ

Al,Si = - 3530.93 ? 1.35993*T [23]
2LLIQ

Al,Si = ? 2265.39 [23]

Cu-Si
0LLIQ

Cu,Si = - 37776 ? 3.47*T [4]
1LLIQ

Cu,Si = - 44866 ? 14.53*T [4]
2LLIQ

Cu,Si = - 40866 ? 8.62*T [4]
3LLIQ

Cu,Si = - 10960 ? 0.4*T [*]
4LLIQ

Cu,Si = ? 17550 [4]

Al-Cu-Si
0LLIQ

Al,Cu,Si = 80309 - 30.08*T [*]
1LLIQ

Al,Cu,Si = 79986.5 - 89.322*T [*]
2LLIQ

Al,Cu,Si = - 20224.8 - 29.985*T [*]

BCC_A2 (Al,Cu,Si)1(Va)3 b(CuSi), b(AlCu), e(Al,Cu) Al-Cu
0LBCC_A2

Al,Cu:Va = - 72619 ? 3.137*T [7]
1LBCC_A2

Al,Cu:Va = 56695.8-14.728*T [7]
2LBCC_A2

Al,Cu:Va = 4774.15-1.4195*T [7]

Al-Si
0LBCC_A2

Al,Si:Va = - 3143.78 ? 0.39297*T [23]

Cu-Si
0LBCC_A2

Cu,Si:Va = - 19600 ? 10.95*T [*]
1LBCC_A2

Cu,Si:Va = - 88400 - 9.23*T [*]

Al-Cu-Si [*]
0LBCC_A2

Al,Cu,Si:Va = 25010 [*]
1LBCC_A2

Al,Cu,Si:Va = 24093 [*]
2LBCC_A2

Al,Cu,Si:Va = 22981 [*]

CU15SI4_D86 (Al,Cu)15(Al,Si)4 e(CuSi) Cu-Si [*]
0GCU15SI4_D86

Cu:Si = 15* GHSER
Cu ? 4* GHSER

Si - 93468.23 - 73.51*T

Al-Cu-Si
0GCU15SI4_D86

Al:Al = ? 19* GHSER
Al ? 600000

0GCU15SI4_D86
Al:Si = ? 15* GHSER

Al ? 4* GHSER
Si ? 200000

0GCU15SI4_D86
Cu:Al = ? 15* GHSER

Cu ? 4* GHSER
Al ? 200000

0GCU15SI4_D86
Al:Al = ? 19* GHSER

Al ? 600000
0LCU15SI4_D86

Al,Cu:Si = - 253080 - 40.8*T
1LCU15SI4_D86

Al,Cu:Si = 717309 - 101.3*T
0LCU15SI4_D86

Cu:Al,Si = - 233533.4 ? 66.67*T
1LCU15SI4_D86

Cu:Al,Si = 502300 - 99.15*T

CU33SI7_A13 (Al,Cu,Si)0.825(Al,Cu,Si)0. 175 c(CuSi) Cu-Si [*]
0GCU33SI7_A13

Cu:Cu = GHSER
Cu ? 2500

0GCU33SI7_A13
Cu:Si = 0.825* GHSER

Cu ? 0.175* GHSER
Si - 4464 - 3.5*T
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Table 3 continued

Database name

(constituents)

Name used in the text

Thermodynamic parameters (298.15\T\ 6000 K) Ref

0GCU33SI7_A13
Si:Cu = 0.825* GHSER

Si ? 0.175* GHSER
Cu ? 3000

0GCU33SI7_A13
Si:Si = GHSER

Si ? 15000
0LCU33SI7_A13

Cu,Si:Si = - 11000 ? 10*T

Al-Cu-Si
0GCU33SI7_A13

Al:Cu = 0.825* GHSER
Al

? 0.175* GHSER
Cu ? 5000

0GCU33SI7_A13
Al:Si = 0.825* GHSER

Al

? 0.175* GHSER
Cu ? 4400

0GCU33SI7_A13
Al:Al = GHSER

Al ? 15000
0GCU33SI7_A13

Cu:Al = 0.825* GHSER
Cu

? 0.175*GHSERAL ? 5000
0GCU33SI7_A13

Si:Al = 0.825* GHSER
Cu

? 0.175*GHSERAL ? 4400
0LCU33SI7_A13

Al,Cu:Si = - 46018.02 ? 26.74*T
1LCU33SI7_A13

Al,Cu:Si = - 46840 ? 80*T
0LCU33SI7_A13

Cu:Al,Si = - 17585 - 5.004*T

CU33SI7_HT (Al,Cu,Si)0.825(Al,Cu,Si)0. 175 d(CuSi) Cu-Si [*]
0GCU33SI7_HT

Cu:Cu = GHSER
Cu ? 600

0GCU33SI7_HT
Cu:Si = 0.825* GHSER

Cu

? 0.175* GHSER
Si - 2425 - 5.45*T

0GCU33SI7_HT
Si:Cu = 0.825* GHSER

Si

? 0.175* GHSER
Cu ? 12000

0GCU33SI7_HT
Si:Si = GHSER

Si ? 19000
0LCU33SI7_HT

Cu,Si:Si = - 14960 ? 13*T
1LCU33SI7_HT

Cu,Si:Si = - 20100 ? 10.2*T

Al-Cu-Si
0GCU33SI7_HT

Al:Cu = 0.825* GHSER
Al

? 0.175* GHSER
Cu ? 10000

0GCU33SI7_HT
Al:Si = 0.825* GHSER

Al ? 0.175* GHSER
Cu ? 20000

0GCU33SI7_HT
Al:Al = GHSER

Al ? 15000
0GCU33SI7_HT

Cu:Al = ? 0.825* GHSER
Cu

? 0.175* GHSER
Al - 16949 ? 13*T

0GCU33SI7_HT
Si:Al = 0.825* GHSER

Cu

? 0.175* GHSER
Al ? 28000

0LCU33SI7_HT
Al,Cu:Al,Si = - 84312 ? 44*T

1LCU33SI7_HT
Al,Cu:Al,Si = 94650 - 45*T

0LCU33SI7_HT
Al,Cu:Si = - 7015.5 - 26.5*T

1LCU33SI7_HT
Al,Cu:Si = 40719 - 3*T

0LCU33SI7_HT
Cu:Al,Si = 4229.75 - 15.75*T

1LCU33SI7_HT
Cu:Al,Si = 500

CU3SI_HT (Cu,Si)0.76(Al,Cu,Si)0.24 g(CuSi) Cu-Si [*]
0GCU3SI_HT

Cu:Cu = GHSER
Cu ? 17500 ? 7*T

0GCU3SI_HT
Cu:Si = 0.76* GHSER

Cu

? 0.24* GHSER
Si - 4410 - 4.8308*T

0GCU3SI_HT
Si:Cu = 0.76*GHSER

Si

? 0.24* GHSER
Cu ? 35000

0GCU3SI_HT
Si:Si = GHSER

Si ? 46000 ? 4*T
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Table 3 continued

Database name

(constituents)

Name used in the text

Thermodynamic parameters (298.15\T\ 6000 K) Ref

0LCU3SI_HT
Cu,Si:Si = - 45850 ? 18*T

1LCU3SI_HT
Cu,Si:Si = 2000 ? 3.2*T

0LCU3SI_HT
Cu:Cu,Si = - 26401 ? 15*T

1LCU3SI_HT
Cu:Cu,Si = - 5345.3 ? 15.81*T

Al-Cu-Si
0GCU3SI_HT

Cu:Al = 0.76* GHSER
Cu ? 0.24* GHSER

Al - 8000 - 7*T
0GCU3SI_HT

Si:Al = 0.76* GHSER
Si ? 0.24* GHSER

Al ? 10000
0LCU3SI_HT

Cu:Al,Si = - 2745

CU3SI_MT (Cu,Si)0.76(Al,Cu,Si)0.24 g‘(CuSi) Cu-Si [*]
0GCU3SI_MT

Cu:Cu = GHSER
Cu ? 20500 ? 6*T

0GCU3SI_MT
Cu:Si = 0.76* GHSER

Cu

? 0.24* GHSER
Si - 5300 - 3.788*T

0GCU3SI_MT
Si:Cu = ? 0.76* GHSER

Si

? 0.24* GHSER
Cu ? 35000

0GCU3SI_MT
Si:Si = GHSER

Si ? 36000 ? 6.5*T
0LCU3SI_MT

Cu,Si:Si = - 42850 ? 18*T
1LCU3SI_MT

Cu,Si:Si = 8650 ? 4.66*T
0LCU3SI_MT

Cu:Cu,Si = - 28801 ? 12.4*T
1LCU3SI_MT

Cu:Cu,Si = - 5645.3 ? 16.11*T

Al-Cu-Si
0GCU3SI_MT

Cu:Al = 0.76* GHSER
Cu ? 0.24* GHSER

Al - 13000
0GCU3SI_MT

Si:Al = 0.76* GHSER
Si ? 0.24* GHSER

Al ? 2000
0LCU3SI_MT

Cu:Al,Si = - 4169

CU3SI_LT (Cu,Si)0.76(Al,Cu,Si)0.24 g‘‘(CuSi) Cu-Si [*]
0GCU3SI_LT

Cu:Cu = GHSER
Cu ? 17500 ? 7*T

0GCU3SI_LT
Cu:Si = 0.76* GHSER

Cu

? 0.24* GHSER
Si - 5374.2 - 3.698*T

0GCU3SI_LT
Si:Cu = 0.76* GHSER

Si

? 0.24* GHSER
Cu ? 35000

0GCU3SI_LT
Si:Si = GHSER

Si ? 45000 ? 4*T
0LCU3SI_LT

Cu,Si:Si = - 38630 ? 18*T
1LCU3SI_LT

Cu,Si:Si = - 4653 ? 8.72*T
0LCU3SI_LT

Cu:Cu,Si = - 27541 ? 15*T
1LCU3SI_LT

Cu:Cu,Si = - 7495.3 ? 19.851*T

Al-Cu-Si
0GCU3SI_LT

Cu:Al = 0.76* GHSER
Cu ? 0.24* GHSER

Al - 13000
0GCU3SI_LT

Si:Al = 0.76* GHSER
Si ? 0.24* GHSER

Al ? 5000
0LCU3SI_LT

Cu:Al,Si = - 8460 ? 5.04*T

DIAMOND_A4 (Al, Si)1(Cu, Va)1 (Si) Al
0GDiamond_A4

Al:Va = GHSERAL ? 30*T [23]

Al-Cu
0GDiamond_A4

Al:Cu = 0 [*]

Al-Si
0LDiamond_A4

Al,Si:Va = ? 113246.16-47.55509*T [23]

Cu-Si
0GDiamond_A4

Si:Cu = GHSER
Si ? GHSER

Cu ? 100000 [4]
0GDiamond_A4

Si:Va = GHSER
Si [53]
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Table 3 continued

Database name

(constituents)

Name used in the text

Thermodynamic parameters (298.15\T\ 6000 K) Ref

0LDiamond_A4
Si:Cu,Va = ? 47230-30.23*T [4]

Al-Cu-Si

no ternary parameters

FCC_A1 (Al, Cu, Si)1(Va)1 (Al), (Cu) Al-Cu
0LFCC_A1

Al,Cu:Va = - 54220.45 ? 2.0034*T [7]
1LFCC_A1

Al,Cu:Va = ? 39015-2.368*T [7]
2LFCC_A1

Al,Cu:Va = ? 3218.23 [7]

Al-Si
0LFCC_A1

Al,Si:Va = - 3143.78 ? 0.39297*T [23]

Cu-Si
0LFCC_A1

Cu,Si:Va = - 32244 ? 20*T [4]
1LFCC_A1

Cu,Si:Va = - 43581 - 28.5*T

Al-Cu-Si

[4]

0LFCC_A1
Al,Cu,Si:Va = - 24000 [*]

1LFCC_A1
Al,Cu,Si:Va = - 30000 [*]

2LFCC_A1
Al,Cu,Si:Va = 70000 [*]

HCP_A3 (Al, Cu, Si)1(Va)0.5 j(CuSi) Al-Cu
0LHCP_A3

Al,Cu:Va = - 63990 ? 2*T [7]
1LHCP_A3

Al,Cu:Va = ? 35590-2*T [7]
2LHCP_A3

Al,Cu:Va = ? 1170 [7]

Al-Si
0LHCP_A3

Al;,Si:Va = 15000 [23]

Cu-Si
0LHCP_A3

Cu,Si:Va = - 25735 ? 11.686*T [*]
1LHCP_A3

Cu,Si:Va = - 61800-16*T [*]

Al-Cu-Si [*]
0LHCP_A3

Al,Cu,Si:Va = - 123650 ? 50.3*T [*]
1LHCP_A3

Al,Cu,Si:Va = - 88191.9 ? 60.757*T [*]
2LHCP_A3

Al,Cu,Si:Va = 10000 [*]

ETA_ALCU (Al,Cu,Si)1(Cu)1 g(AlCu) Al-Cu-Si [*]
0GETA_ALCU

Si:Cu = GHSER
Si ? GHSER

Cu ? 5000 ? 9*T
0LETA_ALCU

Al,Si:Cu = - 26450

DELTA (Al,Cu,Si)5(Al,Cu)8 d(AlCu) Al-Cu [*]
0GDELTA

Al:Cu = 5* GHSER
Al ? 8* GHSER

Cu-288889.8 ? 14.6318*T
0GDELTA

Cu:Al = 8* GHSER
Al ? 5* GHSER

Cu ? 20000

Al-Si
0GDELTA

Si:Al = 5* GHSER
Si ? 8* GHSER

Al ? 60000

Cu-Si
0GDELTA

Si:Cu = 5* GHSER
Si ? 8* GHSER

Cu ? 60000

Al-Cu-Si
0LDELTA

Al,Si:Cu = - 69005.8-103.93*T

EPS_PRIME (Al,Cu,Si)1(Cu)1 e’(AlCu)
0GEPS_PRIME

Si:Cu = GHSER
Si ? GHSER

Cu ? 10000 [*]
0LEPS_PRIME

Al,Si:Cu = - 25856.4

GAMMA_ALCU (Al,Cu,Si)2(Cu)2(Cu)3 (Al,Cu,Si)6
c’(AlCu)

Cu-Si [*]

0GGAMMA_AlCU
Si:Cu:Cu:Si = 8*GHSER

Si ? 5*GHSER
Cu ? 220000

0GGAMMA_AlCU
Si:Cu:Cu:Cu = 2*GHSER

Si ? 11*GHSER
Cu ? 200000
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b(CuSi) phase also exists in a small region around 800C in

the Cu-rich region of the Cu-Si binary phase diagram.

On the other hand, negligible solubility was found in

b(bcc) phase in all experimentally measured isotherms, and

only j(hcp) was identified when the samples were studied

by x-ray diffraction after quenching. Small solubility of Si

in b(AlCu) at 600�C was proposed by He et al.,[2] but no

substantial evidence was found in their work.

After analysing above mentioned arguments, the authors

decided to consider a significantly larger solubility of Si for

the standard model for the b(bcc) family of phases, and it

was found that this assumption can very well explain above

mentioned problems. By assessing extensive solubility of

Si mainly in the b(AlCu) phase, starting at 600 �C which

even reaches complete solubility at 800 �C between Al-Cu

and Cu-Si binaries, excellent agreement is reached. The

agreement between the experiment and modelling at

800 �C is now very good, as presented in Fig. 21, where the

two phase field region is now represented by the (Cu) ?

b(bcc) equilibrium instead of the (Cu) ? j(hcp) as it was
in previous calculations (Fig. 20). Here the experimental tie

lines representing the (Cu) ? b(bcc) phase equilibrium fit

very well the calculated phase boundaries and there is very

good agreement for the rest of the experimental samples.

The detail of the high temperature Cu-rich corner of the

10 at.% Si isopleth is shown in Fig. 22. There is very good

Table 3 continued

Database name

(constituents)

Name used in the text

Thermodynamic parameters (298.15\T\ 6000 K) Ref

0GGAMMA_AlCU
Cu:Cu:Cu:Cu = 13*GHSER

Cu ? 120000
0GGAMMA_AlCU

Cu:Cu:Cu:Si = 6*GHSER
Si ? 7*GHSER

Cu ? 150000
0LGAMMA_AlCU

Cu:Cu:Cu:Cu,Si = - 592700 - 250*T
1LGAMMA_AlCU

Cu:Cu:Cu:Cu,Si = 80000
2LGAMMA_AlCU

Cu:Cu:Cu:Cu,Si = 600000

Al-Cu-Si
0GGAMMA_AlCU

Al:Cu:Cu:Si = 2*GHSER
Al ? 6*GHSER

Si ? 5*GHSER
Cu ? 50000

0GGAMMA_AlCU
Si:Cu:Cu:Ali = 2*GHSER

Si ? 6*GHSER
Al ? 5*GHSER

Cu ? 30000
0LGAMMA_AlCU

Cu:Cu:Cu:Al,Cu,Si = - 1063408 - 400.6*T
1LGAMMA_AlCU

Cu:Cu:Cu:Al,Cu,Si = - 1353587 - 398.5*T
0LGAMMA_AlCU

Cu:Cu:Cu:Al,Si = 288250 - 250*T
1LGAMMA_AlCU

Cu:Cu:Cu:Al,Si = - 506500 ? 420*T

GAMMA_CUZN (Al,Cu,Si)2(Cu)2(Cu)3 (Al,Cu,Si)6
c(AlCu)

Cu-Si [*]

0GGAMMA_CuZn
Si:Cu:Cu:Si = 8*GHSER

Si ? 5*GHSER
Cu ? 220000

0GGAMMA_CuZn
Si:Cu:Cu:Cu = 2*GHSER

Si ? 11*GHSER
Cu ? 200000

0GGAMMA_CuZn
Cu:Cu:Cu:Cu = 13*GHSER

Cu ? 120000
0GGAMMA_CuZn

Cu:Cu:Cu:Si = 6*GHSER
Si ? 7*GHSER

Cu ? 150000
0LGAMMA_CuZn

Cu:Cu:Cu:Cu,Si = - 600000
1LGAMMA_CuZn

Cu:Cu:Cu:Cu,Si = 80000
2LGAMMA_CuZn

Cu:Cu:Cu:Cu,Si = 600000

Al-Cu-Si
0GGAMMA_CuZn

Al:Cu:Cu:Si = 2*GHSER
Al ? 6*GHSER

Si ? 5*GHSER
Cu ? 50000

0GGAMMA_CuZn
Si:Cu:Cu:Ali = 2*GHSER

Si ? 6*GHSER
Al ? 5*GHSER

Cu ? 30000
0LGAMMA_CuZn

Cu:Cu:Cu:Al,Cu,Si = - 963500 - 500*T
1LGAMMA_CuZn

Cu:Cu:Cu:Al,Cu,Si = - 1463500 - 500*T
0LGAMMA_CuZn

Cu:Cu:Cu:Al,Si = 268250 - 250*T
1LGAMMA_CuZn

Cu:Cu:Cu:Al,Si = - 496500 ? 500*T

The phase names used in this dataset are usually based on the common names of phases used in the literature. Exceptions are accepted when the

generic name for the crystallographic structure exists to be consistent with large databases (e.g. BCC_A2, FCC_A1). The names for the c-brass
family of phases (GAMMA_ALCU and GAMMA_CUZN) were selected with respect to the structure prototype to ensure simple identification of

corresponding data for these phases in other datasets.

No silicon was introduced into the models for f, f0, h and g0(AlCu) phases because of a lack of experimental information.
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agreement between the experimental signals from the

thermal analysis[3] and calculated phase boundaries. This

agreement defines the solubility of Si in b(bcc) phase

starting from relatively low value at 600 �C, significant
solubility at 700 �C and complete solubility at 800 �C (Fig

8, 9 and 10, and 22). All calculated isothermal sections

show now very good agreement with experimental data.

The very good agreement of calculated and experi-

mental phase boundaries alone cannot be accepted as a

fully conclusive proof of the assumption of Si solubility in

the bcc phases, as long as the problem with the difference

in the experimentally confirmed crystal structures (hcp

versus bcc) is not solved. Therefore, an additional experi-

ment was carried out by authors of this paper. The samples

used for the experiments at 600 and 800 �C in the work

of[5] were still available and two of them were selected.

The compositions of samples were measured by SEM

JEOL JSM-6460 equipped with EDX and the compositions

were found to be (7.8Al-11.6Si-Cu) for sample 1 and

(12.2Al-8.9Si-Cu) for sample 2 (in at.%).

Both samples should exhibit either single phase j(hcp)
or two phase structure with a very high content of j(hcp)
phase according to experiments. At the same time, they

should contain the j(hcp) phase at 600 �C and the b(bcc)
phase at 800 �C according to the modelling. High tem-

perature (HT) x-ray diffraction was employed, using an

x-ray powder diffractometer Empyrean (PanAnalytical)

with Bragg-Brentano geometry with HTK-16 high-tem-

perature chamber. A full Rietveld refinement of the

obtained patterns at different temperatures was carried out

at the University of Vienna. The measurements were car-

ried out at RT, 400, 600 and 800 �C and the results for

sample 1 are shown in Fig. 23a,b. The existence of the

j(hcp) phase was clearly confirmed at 600 �C for both

samples. The existence of the b(bcc) phase at 800 �C was

confirmed for sample 2, two phase structure with b(bcc)
and a negligible amount of fcc phase was found for sample

1.

These results of the x-ray experiments sufficiently con-

firm the validity of our assumption about the existing large

solubility of the third element in the b(bcc) family of

phases at elevated temperatures. Silicon tends to dissolve

extensively in the b(AlCu) at temperatures between 600

and 800 �C and this behaviour can successfully explain the

disagreements and inconsistencies found by current authors

and by Ponweiser and Richter.[3]

The reason for the disagreement with the experimental

results from[1-3,5] is probably the property of the high-

temperature b(bcc) phase, which cannot be quenched under

standard conditions. Consequently, the XRD analysis per-

formed at room temperature showed the j(hcp) phase

instead of b(bcc).

Fig. 18 The experimental isotherm at 700 �C redrawn according

to.[3] The projection of d(CuSi) high temperature phase was observed

at this temperature (originally identified as ternary phase), the b –

AlCu (bcc) phase with very low Si solubility was omitted as it was not

observed in the experiment, nevertheless it exists in the vicinity of

binary Al-Cu diagram around 25 at.% of Al
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Fig. 19 (a) The isopleth for 10

at.% of Si calculated using

Version 1 of the database

compared with experimental

results from,[3] (b) detail of this

calculation in HT region

(triangles are for liquidus curve,

circles for invariant reactions

and diamonds for other type of

reactions)
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4.2.2 Comparison of Al-Cu-Si Assessment with Other

Literature Sources

As mentioned in Section 3.2., older works of Mat-

suyama[42] and Hisatsune[43] were not used for the full

assessment in this study, but results obtained in the scope

of this work were compared with their results. He et al.[2]

did use these works for their assessment as the newer

studies,[1,3] and[5] were published later, so these experi-

mental measurements were the only isopleths available for

them. The works[42] and[43] are very extensive studies

where the authors used thermal analysis and electric

resistivity measurements to establish iso-composition sec-

tions of the Al-Cu-Si system. They generally studied var-

ious sections with constant silicon or aluminium content or

their ratio, with the maximum Si content being 20 wt.% or

less. Unfortunately, the experimental details given in their

works were generally very brief. For example,

Hisatsune[43] did not describe the process of sample

preparation or the possible heat treatment in his work. For

the method employed for the thermal analysis, he men-

tioned his earlier works without any concrete reference.

He et al.[2] presented several sections for constant con-

tent of Si and constant Cu/Al ratios. The agreement is

reasonably good, but a significant difference was found

when the dataset from[2] was used to calculate the isopleth

for 40 at.% of Si published by Ponweiser and Richter.[3]

Here, the calculated solidus line is almost 90 �C higher

than the experimental one. All attempts to assess the

thermodynamic parameters in our dataset to describe better

both the data from[3] and[42,43] were unsuccessful. These

discrepancies tend to appear in all calculations where there

is significant content of all elements. As the data presented

by Ponweiser and Richter[3] are based on very careful

experimental work using advanced equipment, it was

decided to use their results for the assessment, and the

Fig. 20 Calculated isotherm for

800 �C using version 1 of the

database compared with

experimental data from Zobac

et al.[5] superimposed. The

experimental tie-lines for the

(Cu) ? j(hcp) two phase field

are shown here as black lines

connecting triangles, circles and

stars indicate positions of other

samples, squares indicate

samples, where the experiment

showed equilibrium with

j(hcp), but the calculations

predicted equilibrium with

b(bcc) (solid symbol - correct

equilibrium, empty star, squares

- close to correct equilibrium,

empty circles – wrong

equilibrium) (Color

figure online)

J. Phase Equilib. Diffus.

123



Table 4 Invariant reactions

containing liquid for the Al-Cu-

Si system

Reaction type Temp,

(�C)
Invariant reaction Phase comp. x(Al) x(Cu) x(Si)

M1 937.54 b = [L ? c‘(AlCu) ? c(AlCu) L 0.324 0.624 0.052

c‘(AlCu) 0.299 0.669 0.032

c(AlCu) 0.321 0.666 0.013

b 0.315 0.664 0.021

U1 902.24 L ? c (AlCu) = [ c0(AlCu) ? e(AlCu) L 0.384 0.578 0.038

c0(AlCu) 0.331 0.651 0.018

e(AlCu) 0.358 0.628 0.014

c(AlCu) 0.341 0.653 0.006

M2 836.67 e(AlCu) = [L ? e‘(AlCu) ? c‘(AlCu) L 0.472 0.517 0.011

e‘(AlCu) 0.402 0.597 0.001

c0(AlCu) 0.366 0.630 0.004

e(AlCu) 0.412 0.584 0.004

U2 823.46 L ? b = [ c0(AlCu) ? d(CuSi) L 0.064 0.754 0.182

c0(AlCu) 0.094 0.749 0.157

e(AlCu)g 0.079 0.787 0.134

d(CuSi) 0.060 0.774 0.166

U3 803.52 L ? d(CuSi) = [ c0(AlCu) ? g(CuSi) L 0.060 0.731 0.209

c0(AlCu) 0.081 0.748 0.171

d(CuSi) 0.059 0.765 0.176

g(CuSi) 0.023 0.758 0.219

E1 736.64 L = [ c0(AlCu) ? g(CuSi) ? (Si) L 0.085 0.658 0.257

c0(AlCu) 0.112 0.725 0.163

g(CuSi) 0.019 0.749 0.232

(Si) * 0 * 0 1.0

U4 656.66 L ? c0(AlCu) = [ (Si) ? e‘(AlCu) L 0.436 0.433 0.131

(Si) * 0 * 0 1.0

e‘(AlCu) 0.420 0.566 0.014

c0(AlCu) 0.354 0.622 0.024

U5 604.95 L ? e‘ = [ (Si) ? g(AlCu) L 0.541 0.368 0.091

(Si) * 0 * 0 1.0

g(AlCu) 0.467 0.513 0.020

e‘ 0.442 0.547 0.011

U6 561.72 L ? g(AlCu) = [ (Si) ? h L 0.620 0.316 0.064

(Si) * 0 * 0 1.0

h 0.664 0.336 0.0

g(AlCu) 0.478 0.508 0.016

E2 525.58 L = [ (Si) ? (Al) ? h L 0.789 0.155 0.056

(Si) * 0 * 0 1.0

(Al) 0.967 0.021 0.012

h 0.681 0.319 0.0
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Fig. 21 Calculated isotherm for

800 �C using final version of the

database compared with

experimental data from Zobac

et al.[5] The experimental tie-

lines for the (Cu) ? j(hcp) two
phase field are shown here as

black lines connecting triangles,

circles and stars indicate

positions of other samples,

squares indicate samples, where

the experiment showed

equilibrium with j(hcp), but the
calculations predicted

equilibrium with b(bcc) (solid
symbol - correct equilibrium,

empty star, squares - close to

correct equilibrium, empty

circles – wrong equilibrium)

(Color figure online)

Fig. 22 Detail of the high

temperature and Cu-rich corner

of the isopleth for 10 at.% Si

calculated using final version of

the database with significant

solubility of Si in bcc family of

phases compared with

experimental data from.[3]

(circles - invariant reactions,

triangles - liquidus temperatures

during heating and cooling,

diamonds - other signals). The

single phase fields for (Cu),

b(bcc) and j(hcp) are
highlighted by various shades of

grey
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Fig. 23 HT x-ray diffractograms of sample 1 at 600 �C (a) and at 800 �C (b). Blue curve: measured XRD pattern, red curve: calculated pattern

after Rietveld refinement. Grey curve: difference between experiment and refinement. Colour codes refer to the online version only

Fig. 24 Calculated isopleth for

Cu0.95Al0.05-Si section (in

weight fraction) compared with

experimental data of

Matsuyama[42]
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Fig. 25 Calculated isopleth for

Cu0.30Al0.70-Si section (in

weight fraction) compared with

experimental data of

Matsuyama[42]

Fig. 26 Calculated isopleth for

Cu0.60Al0.40-Si section (in

weight fraction) compared with

experimental data of

Matsuyama[42]
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Fig. 27 Calculated isopleth for

2 wt.% of Si section (in weight

fraction) compared with

experimental data of

Hitsasune[43]

Fig. 28 Calculated isopleth for

20 wt.% of Si section (in weight

fraction) compared with

experimental data of

Hitsasune[43]
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results from papers[42,43] (taken from the original studies)

only for comparison with the dataset assessed in this work.

The calculations for selected compositions are presented

in Fig. 24, 25, 26, 27, 28 and 29. Examples were chosen to

cover all types of experimental data, which were published

in.[42,43] Generally, it can be seen that there is very good or

even excellent agreement between these experimental data

and our calculations for smaller amounts of any third ele-

ment, both for constant content of an element[43] or con-

stant ratio of elements.[42] There is more pronounced

disagreement in the central part of the diagrams, where the

experimental values of the liquidus line are generally

higher than the calculated ones. A similar discrepancy in

the opposite direction exists between the calculations

obtained using the database of He et al.[2] for 40 at.% Si.

5 Conclusion

Although the literature on the properties of the Al-Cu-Si

system is abundant, the phase equilibria and phase dia-

grams of this system are not well defined. The current study

was designed to create a full assessment of the Al-Cu-Si

system (and necessary reassessment of the Cu-Si system)

based on the newest experimental results obtained mainly

during the last 15 years. Good agreement was obtained

with experimental results, and the following key conclu-

sions should be pointed out.

• The reassessment of the Cu-Si system was carried out,

where solubility was introduced into most of the Cu-

rich intermetallic phases, needed to better model the

generally significant solubility of Al in these phases.

o The agreement with the experimental data of

Sufryd et al.[28] and the previous theoretical

assessment of Hallstedt et al.[4] is excellent.

• The existence of the b(bcc) phase with extensive

solubility of Al (and even complete solubility between

binary Al-Cu and Cu-Si systems) at high temperatures

(700-800 �C) was confirmed theoretically and experi-

mentally. This phase is not quenchable under standard

conditions but is confirmed in high-temperature XRD

studies.

• The discrepancies between experiments and modelling

were fully explained by this finding.

• Very good agreement was consequently obtained with

the experimental results of[1-3] and[5] for isotherms at

500, 600, 700 and 800 �C.
• Good agreement was obtained for the vertical sections

from[3] and thermodynamic measurements from.[47]

• The calculations were compared with old experimental

works,[42,43] which mainly studied isopleths in the Cu-

Fig. 29 Calculated isopleth for

6 wt.% of Al section (in weight

fraction) compared with

experimental data of

Hitsasune[43]
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rich corner and close to the Cu-Al binary system, which

were not directly used during the assessment work.

Reasonable agreement was obtained especially for

lower amounts of Al and Si. Disagreement was

observed mainly for liquidus lines for higher content

of Si.
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Intégrales et Partielles de Mélange, J Chim Phys, 1975, 72, p 83-

88. https://doi.org/10.1051/jcp/1975720083

56. Y. Iguchi, H. Shimoji, S. Ban-ya, and T. Fuwa, Calorimetric

Study of Heat of Mixing of Copper Alloys at 1120 �C, J. Iron
Steel Inst. Jpn., 1977, 63, p 275-284.

57. R. Castanet, Thermodynamic Investigation of Copper-Silicon

Melts, J. Chem. Thermodyn., 1979, 11, p 787-791. https://doi.org/
10.1016/0021-9614(79)90010-7

58. G.I. Batalin and V.S. Sudavtsova, Thermodynamic Properties of

Liquid Alloys of the Copper-Silicon System, Inorg. Mater., 1982,
18, p 133-135.

59. C. Bergman, R. Chastel, and J.-C. Mathieu, Determination of the

Thermodynamic Properties of (Copper?Silicon) Melts by

Knudsen - Cell Mass Spectrometry, J. Chem. Thermodyn., 1986,
18, p 835-845. https://doi.org/10.1016/0021-9614(86)90118-7

60. Y. Kato, T. Yoshikawa, Y. Kagawa, and K. Morita, Effect of Fe

Addition on the Activity Coefficient of Si in Cu-Fe-Si Melt at

1623K, ISIJ Int., 2013, 53, p 1320-1324. https://doi.org/10.2355/

isijinternational.53.1320

61. T. Miki, N. Ogawa, T. Nagasaka, and M. Hino, Activity Mea-

surement of Silicon in Molten Cu-Si Binary Alloy, ISIJ Int.,
2002, 42, p 1071-1074. https://doi.org/10.2355/isijinternational.

42.1071

62. K. Sano, K. Okajima, and N. Okuda, Thermodynamic Studies on

the Formation of Molten Silicon Alloys Using the Galvanic Cells.

1: The System Copper–Silicon, Mem. Fac. Eng. Nagoya Univ.,
1956, 8, p 127-130.

63. F. Sommer, D.K. Choi, and B. Predel, Bestimmung der Aktivi-
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A B S T R A C T

In a previous paper a method was developed to define Einstein temperatures for metastable phases of the ele-
ments and their relation to the so-called lattice stabilities used in the past, and also the variation of the Einstein
temperature with composition to account for the composition dependence of the excess entropy. This approach
was demonstrated successfully for the Al–Zn system. In this paper this approach is extended to cover the Al–Si
and Si–Zn binary systems. The phase diagram for the Al–Si–Zn ternary system was then predicted from the
thermodynamic description of the binary subsystems only without any ternary interaction parameters. Agree-
ment with the experimental data is shown to be very good.

1. Introduction

Over the last few years, many developments have been made
exploring the possibility of representing the thermodynamic properties
of elements and binary alloy systems using more physically based
models than used hitherto. In the first Ringberg meeting [1–3] the Debye
and Einstein models were proposed as potential bases to represent the
thermodynamic properties of crystalline phases over the whole tem-
perature range. The Einstein model is simpler to work with while the
Debye model is capable of giving amore accurate description at very low
temperatures close to 0 K. The approach has been used with some suc-
cess for a number of elements [4–13]. A simplified approach had been
applied by Refs. [14,15] using the Einstein model for the description of
the thermodynamic behaviour of pure elements below 298.15 K linked
to existing SGTE pure element data. A limited number of attempts have
been made to extend these physically based models to describe the
thermodynamic properties and phase diagrams of binary systems
[16–23]. Our previous work on the Al–Zn system [21] attempted to
express the variation of the Einstein or Debye temperature of the solu-
tion phases as a function of composition and to represent data for
metastable phases of the pure components (lattice stabilities). The aim
of this work is to extend the data for the Al–Zn system through the
addition of the recently assessed data for Si [12] and reassessments of

the data for the corresponding binary and ternary systems.

2. Application of third generation unary data to binary and
ternary systems

2.1. Thermodynamic model for crystalline phases

The contribution to the heat capacity is given by Eq. (1) according to
the Einstein model with additional contribution and correction terms
[2]. It is necessary to account for magnetic contributions, anharmonic
and electronic effects and the conversion from Cv to Cp. Without the
magnetic contribution Cp should be given as follows

Cp =3R
(

θE
T

)2 eθE/T

(eθE/T − 1)2
+ aT+ bT2 + cT3 + dT4 (1)

Where R (J.mol− 1K− 1) is the gas constant, T (K) the temperature and θE
(K) the Einstein temperature.

The Gibbs energy, which is necessary for phase diagram calculations,
can also be expressed as follows:

G= E0 +
3
2
RθE + 3RT ln

(
eθE/T − 1

)

eθE/T
−
a
2
T2 −

b
6
T3 −

c
12

T4 −
d
20

T5 (2)

During the critical assessment of data for the elements the aim is to
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define the parameters a, b, c, d and θE to reproduce the known value for
S298 and the heat capacity from 298.15 K to the temperature of melting.

At higher temperatures, it is important to constrain any extrapolation
to prevent the entropy of the crystalline phase becoming higher than
that of the liquid [5]. An extra temperature range is included for tem-
peratures above the melting point as follows:

Cp =3R
(

θE
T

)2 eθE/T

(eθE/T − 1)2
+ a’+ b́ T− 6 + c’T− 12 (3)

The parameters a’, b’ and c’ are selected such that the heat capacity
and its derivative are continuous at the melting point and merges with
that of the liquid phase at some high temperature eg. 6000 K.

2.2. Thermodynamic model for the liquid phase

The two-state model proposed by Agren [24] was adopted by the
Ringberg workshops [1] as the basis for future representation of the
thermodynamic data for the liquid phase. According to this model the
liquid can be thought of as consisting of two types of atoms existing in
thermodynamic equilibrium: solid like atoms and liquid like atoms with
more translational freedom.

The Gibbs energy of the solid like atoms can be thought of as repre-
senting the amorphous solid and will take a similar form to that for the
crystalline phase.

Gam =E0+
3
2
RθE +3RT ln

(
eθE/T − 1

)

eθE/T
+A+ aT2 + bT3 (4)

The Einstein temperature of the amorphous phase could be expected
to be similar to the Einstein temperature of the stable crystalline phase.
Only a few correction terms may be necessary.

The difference in Gibbs energy between the liquid like and solid like
atoms, ΔGd can be expressed as:

Gliq − Gam =ΔGd = B+ CT + DTln(T)… (5)

The parameters θE, A, a, b, B, C and D may in principle be used in
order to get best agreement with the experimental data. In practice the
number of parameters used may be limited by the quantity of reliable
experimental thermodynamic data available for the liquid phase.

2.3. Modelling of lattice stabilities using the einstein model

Lattice stabilities, ie. differences in Gibbs energy between two pha-
ses, are the key pieces of information required in order to model phase
diagrams and thermodynamic data for systems. A lattice stability could
be a constant value independent of temperature, to reflect the difference
in crystal structure and strength of bonds in the two phases. However the
two phases could also have different Einstein temperatures leading to a
difference in entropy between the two phases.

Using the Einstein model without any correction terms, the entropy S
is given by

S=3R
[

θE/T
(eθE/T − 1)

− ln
(
eθE/T − 1

)

eθE/T

]

=3R
[

θE/T
(eθE/T − 1)

− ln
(
1 − e− θE/T

)
]

(6)

For high temperatures, this can be simplified to

S= 3R (1 − ln(θE /T)) (7)

The entropy difference between two phases, α and β, at high tem-
peratures can then be expressed as:

Sα − Sβ =3R ln
(

θβ
E

θα
E

)

(8)

This means that the difference in entropy between the two phases
will become constant at high temperatures. A more detailed derivation is
given in the [21] paper.

2.4. Composition dependence of the thermodynamic properties

In our previous work [21] the extension of the description of the
thermodynamic properties of the elements into the Al–Zn binary system
was published in a logical and consistent manner such that there are no
excess entropy terms. This implies that there are no non-configurational
contributions to the entropy of mixing of a solution phase at 0 K. This
involves some extension of the equations developed earlier to derive the
Einstein temperatures of metastable phases of the elements.

From equation (7), the excess entropy for a solution phase between
components A and B can be written as

Sex = − 3R(ln θM − xA ln θA − xB ln θB) (9)

The mixing properties of a solution phase are commonly expressed in
terms of a Redlich-Kister power series eg.

Gex = xAxB
(
L0 + L1(xA − xB)+ L2(xA − xB)2+…

)
(10)

Sex = xAxB
(
S0 + S1(xA − xB)+ S2(xA − xB)2 +…

)
(11)

ln θex can also be expressed in terms of a Redlich-Kister power series

ln θex = xAxB
(
ln θ0+ ln θ1(xA − xB)+ ln θ2(xA − xB)2 +…

)
(12)

and ln θ by

ln θ= xA ln θA + xB ln θB

+ xAxB
(
ln θ0 + ln θ1(xA − xB)+ ln θ2(xA − xB)2 +…

)
(13)

A comparison of equation (13) and equations (9) and (11) shows that
the coefficients for the excess entropy, S0, S1, S2, etc can be related
directly to the coefficients for the variation of ln θ with composition:

ln θ0 = − S0/3R, ln θ1 = − S1/3R, ln θ2 = − S2/3R, etc (14)

3. Review of literature data

In previous work [21], we focussed onmodelling the thermodynamic
and phase diagram data for the Al–Zn system. This present work con-
cerns the application of the third generation unary data to the thermo-
dynamic properties and phase diagram of the Al–Si–Zn ternary system
and its associated binary subsystems Al–Si and Si–Zn. The Al–Si system
is a eutectic system with negligible solubility of aluminium in crystalline
silicon. The Si–Zn system is also a simple eutectic system, in this case
with the eutectic point very close to pure Zn. The solubility of Si in
crystalline Zn, and Zn in crystalline Si is negligible.

3.1. Pure elements

The 3rd generation thermodynamic modelling of data for Al and Zn
is described in detail in our previous work [21]. The data for fcc Al,
including the Einstein temperature, were based on Bigdeli [8] who
assessed a value of 294.414 K for the Einstein temperature. It was felt
that the assessment of Bigdeli for the liquid phase of Al did not corre-
spond to the spirit of the two state model in that the liquid like atoms
were not predicted to be predominant at high temperatures. As a result
new data were derived for the liquid phase. Fig. 1 shows the experi-
mental heat capacity data for crystalline and liquid phases. Most of the
assessments of data for liquid Al assumed a constant heat capacity ob-
tained from enthalpy drop measurements and the aim of the [21]
assessment was to reproduce these data. The calculated heat capacity
data for Al with superimposed experimental data are shown in Fig. 1.

The data for diamond_A4 and liquid phases of Si have recently been
assessed by Bajenova et al. [12]. A combination of 2 Einstein tempera-
tures was necessary for the diamond_A4 phase in order to provide a
satisfactory fit to the experimental data with the first Einstein
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temperature equal to 615.43 K with the weight factor of 0.674 and the
second Einstein temperature of 207 K with weight factor 0.326. For the
liquid phase Bajenova et al. [9] used in addition, experimental data for
the amorphous phase and this also required the use of 2 Einstein tem-
peratures. For simplicity in modelling data for binary and multicom-
ponent systems Bajenova et al. also provided data for the liquid phase
using just 1 Einstein temperature based on the experimental high tem-
perature data only, and these were the data used in the current work.
The calculated heat capacity based on this assessment with super-
imposed experimental data [29–34] is shown in Fig. 2.

The data for the hcp and liquid phases of Zn have recently been
assessed by Dinsdale and Khvan [35]. A value of 162.2 K was derived for

the Einstein temperature for the hcp phase. The calculated heat capacity
based on the assessment of Dinsdale and Khvan [35] is shown in Fig. 3.

3.2. Al–Si

The phase diagram for the Al–Si system is a simple eutectic with two
crystalline phases fcc_A1 (Al) and diamond_A4 (Si). There is appreciable
solubility of Si in fcc_A1 (Al) and therefore the phase has been modelled
as a solid solution. In contrast there is negligible solubility of Al in
diamond_A4 (Si) and this phase has been modelled as stoichiometric.
The eutectic temperature of 577 ◦C has been determined rather precisely
and the eutectic point lies at 12.2 at.% Si. The solubility of Si in fcc Al
reaches a maximum of 1.5 at.% at the eutectic temperature. Feufel et al.
[36] presented a critically assessed phase diagram using SGTE unaries
[37] based on several experimental studies [38–45]. The phase diagram
proposed by Feufel et al. [36] is shown in Fig. 4.

The enthalpy of mixing of liquid Al–Si alloys has been determined
calorimetrically by Körber et al., Mathieu et al., Bros et al. and Batalin
et al. [46–49]. The most reliable results seem to be the data published by
Bros et al. [48] which were, on the whole, accepted by Murray et al.
[50]. The enthalpies of mixing published by Batalin et al. [49] are, at 50
at% Si, more negative by a factor of two than those measured by Bros
et al. [48].

Thermodynamic activities of the components in liquid Al–Si alloys
have been measured by different methods. The activities using electro-
chemical cells have been obtained by Schaefer et al. [51] and Schaefer
[52] at 1100 K, Berthon et al. [39] from 853 to 1253 K and Batalin et al.
[45] between 950 and 1650 K. Mitani and Nagai determined activities
by equilibrating liquid Al–Si alloys with AlCl3 [53]. Chatillon et al.
calculated the activities from vapour pressures they measured by a
mass-spectrometry method (1473–1700 K) [54], and Loseva et al. from
vapour pressures using a fluorescence technique [55].

3.3. Al–Zn

Several critical assessments of data for the Al–Zn system have been
carried out either experimental in Ref. [56], or using the CALPHAD
approach [57–62]. The thermodynamic data critically assessed by

Fig. 1. Calculated heat capacity data for Al with superimposed representative
experimental data [25–28].

Fig. 2. Calculated heat capacity data for Si with superimposed experimental
data [29–34].

Fig. 3. Calculated heat capacity data for Zn based on assessment of Dinsdale
and Khvan [35], used also in the work of [21].
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Mathon et al. [61] were used in our previous work [21] as being the
most reliable critical assessment and used the Redlich-Kister model to
represent the variation of thermodynamic properties with composition.
Fig. 5 shows the calculated phase diagram for the Al–Zn system using the
critically assessed data of Mathon et al. [61].

3.4. Si–Zn

The Si–Zn system is a eutectic system characterised by complete
mixing of the components in the liquid phase and negligible solubility of
the other element in either the diamond form of Si or the hcp form of Zn.
The shape of the liquidus surface indicates positive enthalpies of mixing

and the possibility of a metastable miscibility gap. The liquidus data
were studied experimentally by several authors, Girault [63], Thurmond
and Kowalchik [64], John et al. [65] and Schneider and Krumnacker
[66]. The critically assessed data for this system have been taken from
the work of Jacobs and Spencer [67]. The calculated phase diagram
using the data of Jacobs and Spencer [67] with superimposed experi-
mental data is shown on Fig. 6. This was based entirely onmeasurements
of the liquidus temperatures. The system has also been assessed by an
Mey and Hack [57] and by Olesinski and Abbaschian [68].

3.5. Al–Si–Zn

Differential thermal analysis (DTA) was used for the evaluation of
the liquidus curve by several authors, Padeshnova et al. [70], Dimova
et al. [71], Planchamp [72] and Ibe and Holtz [73]. Nishimura and
Tamura [74] determined the liquidus temperatures and Axon et al. [75]
determined the solidus temperatures by the use of thermal analysis.
Girault [63] reported solubility data for Si in liquid Al10Zn90 mixtures.
The ternary eutectic point has been reported by Mondolfo [76], Hane-
mann and Schrader [77], Spengler [78] and Phillips [79]. Solidus tem-
peratures at low Si contents (<12 at.%) have been measured by
Nishimura and Tamura [74] (using dilatometry), Dimova et al. [71]
(using DTA) and Planchamp [72] (using DTA). Ibe and Holtz [73]
measured transition data for alloys with higher Si contents (<60 at.%)
using DTA. In addition, the latter authors measured transitions involving
the vapour phase. All authors mentioned above have determined parts of
the liquidus and/or solidus surface, no isothermal sections based solely
on the experimental data have been published up to now. A thermo-
dynamic assessment of the ternary Al–Si–Zn system was published by
Jacobs and Spencer [67]. They [67] predicted several isopleths of the
Al–Si–Zn phase diagram and compared them with the experimental
data. Vertical sections of phase diagram Al–Si–Zn with a constant
amount of silicon x (Si) = 0.047 is shown in Fig. 7 as an example.

The only thermodynamic properties experimentally measured and
presented in the literature were the activity data in the liquid phase
measured by Sebkova et al. They measured the activity of Zn [80,81]
using a transportation method. They also measured the activity of Al

Fig. 4. Calculated phase diagram for the Al–Si system using the critically
assessed data by Feufel et al. [36] with superimposed experimental
data [38–42].

Fig. 5. Calculated phase diagram for the Al–Zn system using the critically
assessed data of Mathon et al. [61].

Fig. 6. Calculated phase diagram for the Si–Zn system using the critically
assessed data of Jacobs and Spencer [67] with experimental data from litera-
ture superimposed [63,64,66,69].
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[82] using an EMF technique. All activity measurements were carried
out for alloys with Al contents greater than 67 at.%.

4. Results and discussion

4.1. Al–Si

Bajenova et al. [12] derived data for the diamond_A4 and liquid
forms of Si. It was also necessary to define a single Einstein temperature
for Si in the fcc_A1 phase to model data for the solution of Si in crys-
talline Al. For this the procedure used successfully by Khvan et al. [23]
for the Pb–Sn system was used. The resulting value for the Einstein
temperature of fcc_A1 Si is 182.6 K with the enthalpy of fcc_A1 Si equal
to 51000 relative to the diamond_A4 phase.

The assessed data of Feufel et al. [36] were adopted to form the
starting point for the current assessment.

The conversion relations developed in Ref. [21] were then used to
calculate the values of interaction parameters i.e. to represent the
enthalpy of mixing and the variation of the Einstein temperature with
composition for the liquid and fcc_A1 phases of the Al–Si system. These
were consequently used as the starting points for the reassessment of the
thermodynamic data for the system. The temperature independent co-
efficients of the SGTE interaction parameters L0, L1 and L2 were
retained and the entropic term (temperature dependent terms of the
SGTE L0, L1 and L2 parameters), expressing the temperature depen-
dence, were recalculated according to Eq. (14).

Fig. 8 shows the calculated phase diagram of binary system Al–Si
with superimposed experimental data [39–45]. The details of the phase
diagram in the Al–rich corner are shown in Figs. 9 and 10. Agreement
with the experimental data is excellent. When comparing the results
with the thermodynamic assessment of Feufel et al. [36] (Fig. 4), the
agreement with the experimental data is even slightly better.

Fig. 11 shows the calculated enthalpy of mixing of the liquid phase at
1377 K with the experimental data from Bros superimposed [48]. Fig. 12
shows the calculated activity of Al and Si in the liquid phase at 1700 K
with experimental data superimposed [53,54]. The agreement between
the calculated thermodynamic functions for the liquid phase and the

experimental data is very good. Table 1 lists the reassessed interaction
parameters for the binary Al–Si system.

The calculated phase diagram of the Al–Si binary system is in very
good agreement with the experimental data. The liquidus line slightly
disagrees with the experimental data from Ref. [38] in the central part of
the phase diagram. Nevertheless, a very similar disagreement (even
slightly worse) was observed in the Al–Si phase diagram assessed by
Ref. [36] using SGTE unary data. Here the reason might be caused by the
experimental data which are very old.

The thermodynamic properties of liquid phase fits reasonably well to
the experimental data. The experimental data for the enthalpy of mixing

Fig. 7. Calculated isopleth [67] through the Al–Si–Zn phase diagram at x (Si)
= 0.047 with superimposed experimental data of Ibe and Holtz [73] where the
triangles represent cooling and the circles heating experiments.

Fig. 8. Theoretical phase diagram of the Al–Si system based on 3rd generation
of unaries assessed in this work with superimposed experimental data [38–45].

Fig. 9. Detail of the theoretical phase diagram of the Al–Si system based on 3rd
generation of unaries assessed in this work with superimposed experimental
data [38–45].
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published by different authors [46–48] exhibit significant differences as
shown in Fig. 12. The data from Ref. [48] were used for the assessment,
as also used by Ref. [50] and the discrepancies are comparable to those
in Ref. [36].

Generally the agreement between experimental phase diagram,
thermodynamic properties and theoretically calculated values resulting
from this work is very good and this reassessment is suitable for the
modelling of higher-ordered systems.

4.2. Al–Zn

The thermodynamic parameters published in Ref. [21] gave essen-
tially nearly identical result in comparison with the assessment of
Mathon et al. [61]. The data for the liquid phase, based now on the two
state model, could differ from the previous assessment. Fig. 13 shows the

Fig. 10. Detail of the theoretical phase diagram of the Al–Si system based on
3rd generation of unaries assessed in this work with superimposed experimental
data [38–45].

Fig. 11. Calculated mixing enthalpy of liquid phase at 1377K with super-
imposed experimental data [48].

Fig. 12. Calculated activity of Al and Si in liquid phase at 1700 K with
superimposed experimental data [53,54].

Table 1
The unary and binary assessed parameters for the Al–Si system developed in the
scope of this work.

Phase Parameter Value

Liquid
ET1(Al) 294.414
G0liq (Al) − 967.4973
GDliq (Al) 2475.62 + 37.10227*T
ET1(Si) 323.9
G0liq (Si) 26584.22
GDliq (Si) 18880.66-24.5753*T

G0liq (Al,Si) − 11495.93
G1liq (Al,Si) − 3873.45
G2liq (Al,Si) 2520.0
ln θ10liq (Al,Si) 0.01602
ln θ11liq (Al,Si) 0.07401
ln θ12liq (Al,Si) 0.0
ΔGd,0liq (Al,Si) 0.0

Diamond
ET1(Si) 615.45
ET2(Si) 206.96
Theta F1 0.67401
ThetaF2 0.32599
G0diam (Si) − 9229+GCORSI

fcc_A1
ETfcc (Al) 294.414
ETfcc (Si) 182.6
G0fcc (Al) GCORAL
G0fcc (Si) 51000+GCORSI

G0fcc (Al,Si) − 12038.205
ln θ0fcc (Al,Si) − 0.0038425
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calculated phase diagram which is in very good agreement with almost
all the experimental data. The obtained results are described in more
detail in Ref. [21].

The assessed parameters are listed in Table 2. The parameters were
recalculated using the conversion relations developed in the paper [21]
and no other reassessment of these parameters was necessary.

4.3. Si–Zn

The interaction parameters for the Si–Zn binary system optimized in
this work give a calculated phase diagram in very good agreement with
the published experimental data and previous theoretical CALPHAD-
type assessments. Table 3 lists the assessed thermodynamic parame-
ters of the CALPHAD approach to the Si–Zn system used within the scope
of this project. Fig. 14 shows the calculated phase diagram for the Si–Zn
system based on the 3rd generation of unaries assessed in this work with
experimental data [63,64,66,69] superimposed. Agreement with the
results of Jacobs and Spencer [67] calculated using the SGTE unary data
and with the experimental data is very good. There are no experimental
thermodynamic data available for this system.

Table 3 lists the interaction parameters for the Si–Zn system, which
were reassessed and which give good agreement with experimental
phase diagram data. As in the case of the reassessment of the Al–Si
system the interaction parameters were initially recalculated from
original paper of [67] converted using the approach described in
Ref. [21] and then used as the starting point for the reassessment.

4.4. Al–Si–Zn

Prior to this work, the only published thermodynamic description of
the thermodynamic properties of the ternary Al–Si–Zn system had been
the assessment of by Jacobs and Spencer [67], which is in good agree-
ment with the quite sparse published experimental data. Their ternary
phase diagram had been calculated from the datasets for the Al–Si,
Al–Zn and Si–Zn binary subsystems without using any ternary interac-
tion parameters.

The same approach was adopted in this work. The relevant phase
diagram sections and thermodynamic properties were calculated
without introducing any ternary parameters. No isothermal sections or
information about the solubility of third elements in binary terminal
solution phases had been published. Also, no ternary phases had been
observed in the Al–Si–Zn system. Several isopleths have been published
by Ibe and Holtz [73] and Nishimura and Tamura [74]. Activities have
been measured by Refs. [80–82]. Our assessment agrees well with the

Fig. 13. Calculated phase diagram for the Al–Zn system using the coefficients
derived in the paper [21].

Table 2
The assessed parameters for the Al–Zn developed in the scope of our previous
work [21].

Phase Parameter Value

Liquid
ET1(Al) 294.414
G0liq (Al) − 967.4973
GDliq (Al) 2475.62 + 37.10227*T
ET1(Zn) 162.2
G0liq (Zn) − 4088.202
GDliq (Zn) 3442.37 + 41.34521*T-7.35647*T*ln(T)

G0liq (Al,Zn) 10466.6
ln θ10liq (Al,Zn) − 0.136049
ΔGd,0liq (Al,Zn) 0.0

Hcp_Zn
EThcp_Zn(Zn) 162.2
G0hcp_Zn(Zn) GCORZN
EThcp_Zn(Al) 273.9166706
G0hcp_Zn(Al) 5481+GCORAL
G0hcp_Zn(Al,Zn) 18824.72
ln θ10hcp_Zn(Al,Zn) − 0.35891271

fcc_A1
ETfcc (Al) 294.414
ETfcc (Zn) 152.30739
G0fcc (Al) GCORAL
G0fcc (Zn) 2969.82+GCORZN
G0fcc (Al,Zn) 7298.94
G1fcc (Al,Zn) 6612.875
G2fcc (Al,Zn) − 3097.93
ln θ0fcc (Al,Zn) 0.01905544
ln θ1fcc (Al,Zn) − 0.18409584
ln θ1fcc (Al,Zn) 0.13255341

Table 3
The interaction parameters for the Si–Zn reassessed in the scope of this work.

Phase Parameter Value

Liquid
ET1(Si) 323.9
G0liq (Si) 26584.22
GDliq (Si) 18880.66-24.5753*T
ET1(Zn) 162.2
G0liq (Zn) − 4088.202
GDliq (Zn) 3442.37 + 41.34521*T-7.35647*T*ln(T)

G0liq (Si,Zn) 7229,25
G1liq (Si,Zn) − 4038.18
G2liq (Si,Zn) − 891.33
ln θ10liq (Si,Zn) 0
ln θ11liq (Si,Zn) 0
ln θ12liq (Si,Zn) 0
ΔGd,0liq (Si,Zn) 0

Diamond
ET1(Si) 615.45
ET2(Si) 206.96
Theta F1 0.67401
ThetaF2 0.32599
G0diam (Si) − 9229+GCORSI

Hcp_Zn
EThcp_Zn(Zn) 162.2
G0hcp_Zn(Zn) GCORZN
EThcp_Zn(Si) 173.7347
G0hcp_Zn(Si) 49200+GCORSI
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experimental data and with the thermodynamic modelling by Jacobs
and Spencer [67].

Vertical sections of the Al–Si–Zn phase diagram calculated from our
new parameters with constant amounts of silicon x (Si) = 0.047 and x
(Si)= 0.099 are shown on Figs. 15 and 16 respectively. Fig. 17 shows the
isopleth at x (Zn) = 0.4. These isopleths also show, superimposed, the
experimental data of Ibe and Holtz [73], where the triangles represent
cooling and the circles represent heating experiments. A comparison of
the theoretical calculation of the concentration section between (xSi,xzn)

= (0.0530, 0) and (0.1193, 0.8807) with the experimental data from
Ref. [71] is shown in Fig. 18. The activity calculations are shown in
Figs. 19 and 20 compared with experimental data from Refs. [80–82].
The agreement between the calculated and experimental data is very
good for all the results shown, and they are also very similar to those
calculated by Ref. [67] (see Fig. 7).

A theoretically predicted liquidus surface of the Al–Si–Zn phase di-
agram is shown in Fig. 21. There has been no systematic experimental
study of the liquidus surface, but this prediction is very reasonable and
almost identical to the calculation shown in Ref. [67]. A univariant

Fig. 14. Assessed phase diagram for the Si–Zn system based on 3rd generation
of unaries calculated in this work with the experimental data superimposed [63,
64,66,69].

Fig. 15. Calculated isopleth through the Al–Si–Zn phase diagram at x (Si) =
0.047 with the experimental data of Ibe and Holtz [73] superimposed where the
triangles represent cooling and the circles heating.

Fig. 16. Calculated isopleth through the Al–Si–Zn phase diagram at x (Si) =
0.099 with the experimental data of Ibe and Holtz [73] superimposed where the
triangles represent cooling and the circles heating.

Fig. 17. Calculated isopleth through the Al–Si–Zn phase diagram at x (Zn) =
0.4 with the experimental data of Ibe and Holtz [73] superimposed where the
triangles represent cooling and the circles represent heating.
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reaction (Si) + Liq. → (Al)+(Zn) at the temperature 649.6 K is predicted
in the system.

5. Conclusions

Thermodynamic reassessments of the binary Al–Si and Si–Zn systems
and the ternary Al–Si–Zn system were carried out using the 3rd gener-
ation unary data for Al, Si and Zn. One Einstein temperature model was
used to model the heat capacity of liquid Si based on the work of [12].

The relations for the composition dependence of the thermodynamic
properties for the liquid phase and solid solution phases developed in
our previous work [21] were applied to binary systems Al–Si and Si–Zn.
Very good agreement was found between the calculated results using the
new 3rd generation unary data models and data from previous assess-
ments based on SGTE or experimental data, respectively. This approach
has been extended to the ternary system Al–Si–Zn, where no interaction
parameters were needed to give very good agreement with experimental
data. The existence of a univariant reaction (Liq. + Si → Al + Zn) at the
temperature 649.6 K was predicted, and the agreement with experi-
mental value 654 K [77,83] is reasonable.

Fig. 18. Calculated isopleth along the section (xSi,xzn) = (0.0530, 0) to
(0.1193, 0.8807) with the experimental data of Dimova et al. [71]
superimposed.

Fig. 19. Calculated activity of Zn in liquid at 1053 K along the section (xSi,xzn)
= (0.1699, 0) to (0, 0.5382) with the experimental data of Sebkova et al. [80,
81] superimposed.

Fig. 20. Calculated activity of Al in liquid for xSi = 0.1 at 1073 K with the
experimental data of Sebkova et al. [82] superimposed.

Fig. 21. Calculated liquidus surface of the Al–Si–Zn system. Temperature is
given in K.
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