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Abstract; CALPHAD in combination with key experiments has been used to investigate multicomponent multiphase re-
actions in materials systems relevant for energy engineering. Our results for four different such systems are reviewed. Focus
is laid on liquid phase sintering of SiC ( LPSSiC) , conversion-type Lithium batteries, TiAl-based alloys with chromium ad-
ditions and zirconia-base thermal barrier coatings, respectively. Typically, findings from CALPHAD-type thermodynamic
calculations can be used to define key experiments for further clarification of phase diagrams and thermodynamic proper-
ties. The experimental data can then be used vice versa as input for refinement of the CALPHAD models and improved as-
sessment of model parameters. All parameters are adjusted by Thermodynamic Optimization. The datasets are then used to
calculate reliable phase diagrams (isothermal sections, isopleths, volatility diagrams) and liquidus surfaces.
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1 Introduction

The development of advanced engineering materials is
the key for technical improvements of gas and steam turbine
technologies and introduction of new engineering components
for power plant applications. Also the efficient use of renew-
able energies (solar, wind) and energy storage technologies
(thermal, electrochemical, chemical) requires the develop-
ment of completely new engineering materials adjusted to the
specific operational facility requirements. For such energy
applications thermodynamic calculations are a major funda-
mental tool for analyzing multicomponent heterogeneous reac-
tions in the relevant metallic alloys and technical ceramics.
In this regard the CALPHAD approach ( CALculation of

PHAse Diagrams) is widely used for clarification of stable
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and metastable phase equilibria and the coupled thermochem-

ical datal' ™%

. The results contribute to the understanding of
the microstructure development of engineering materials un-
der environmental conditions dominating during their synthe-
sis and processing as well as commercial use. Looking at
phase equilibria as reference state, their knowledge also al-
lows kinetic effects in materials behavior to be evaluated with
higher reliability. Computational thermodynamics according
to CALPHAD has to provide analytical descriptions of all
thermodynamic functions of state of the particular materials
system considered. These descriptions are based on models
oriented to the ( crystal) structures and physico-chemical
properties of the phases. Especially the site-occupancies of the
crystallographic Wyckoff-positions in solution phases have to be
taken into account. Within the so-called Thermodynamic Opti-
mization of the CALPHAD approach, model parameters are ad-

justed to experimental values which are quantitatively connected
to the thermodynamic properties. Of major interest are phase e-
quilibrium data, calorimetric heat measurements, and emf- and

vapor pressure data related to chemical potentials. This ap-
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proach was, and is, used in our research work for modeling liq-
uid and solid solution phases occurring in engineering materials
for energy applications. The thermodynamic model parameters
for the systems are assessed based on the available (own and
literature ) experimental data on phase equilibria and thermody-
namic measurements. The results from CALPHAD also provide
information about mutual consistency of different types of exper-
imental data and thus the guidelines for further experimental in-
vestigations can be defined.

This paper reviews our research work on ceramic and me-
tallic alloy systems of very different characters regarding their
engineering materials properties and applications. However,
in all cases similar experimental analytical methods as well as
CALPHAD-type modeling for phase diagrams and thermody-
namic investigations can be used. Four materials classes are
selected in this paper; In the first chapter thermodynamic cal-
culations for better understanding of the liquid phase sintering
of SiC are presented and compared with experimental results.
The following paragraph refers to electrochemical energy stor-
age and describes the possibilities of coupling phase diagrams,
thermochemistry and electrochemical behavior for conversion-
type Lithium batteries. Subsequently, a metallic alloy system,
Ti-Al-Cr, is introduced and it is shown how preliminary calcu-
lations can be used to define required key experiments. Based
on the results, the information on the homogeneity ranges of
the solid solution phases and their phase equilibria can be
clarified in detail. Such data can then be used for further re-
finement of modeling and establishing the thermodynamic data-
sets. The final chapter describes the strategy for evaluation
and assessment of zirconia-based systems for applications in

thermal barrier coatings for turbine technologies.

2 Thermodynamic calculations for Liquid
Phase Sintered SiC (LPSSIC)

Silicon carbide (SiC) is one of the promising engineering
materials for a manifold of power plant applications because of
its excellent high-temperature mechanical properties and
chemical stability, wear and oxidation resistance” ™. It is al-
so interesting for being potentially used as inert matrix fuel
material for irradiation of plutonium and minor actinides be-
cause of its irradiation damage tolerance'” ~*'. In the past dec-
ades liquid phase sintered silicon carbide (LPSSiC) has been
developed as an engineering construction material with high
fracture toughness and other excellent mechanical properties.
Alumina, yttria, and aluminum nitride ( Al,O,, Y,0,, AIN)
are typically used as sintering additives in LPSSiC and allow a
significant reduction of sintering temperatures compared to Sol-

id State Sintered SiC ( SSiC). Silicon oxide (SiO ) (always

present on the surface of SiC powder particles) can react with

sintering additives e. g. Al,0, and Y,0, (total fraction of a-
bout 10 wt% in the initial powder mixture of SiC and addi-
tives). In combination with the additives, SiO, forms an oxide
liquid phase at even lower temperatures than the oxide liquid
phase produced by reactions between Al,O; and Y,0; alone.
The liquid phase partially crystallizes during LPSSiC sample
cooling and mostly forms rare earth aluminates and silicates,
respectively.

To understand heterogeneous equilibrium phase reac-
tions which can occur during sintering and subsequent ther-
mal treatments of LPSSiC, a thermodynamic dataset for the
Si-C-Al-Y-O system was developed for thermodynamic cal-

. 9-10]
culations'

. The thermodynamic dataset was established
by the CALPHAD method of thermodynamic optimization:
analytical descriptions for the Gibbs free energy functions of
solid and liquid phases and gaseous species in the Si-C-Al-
Y-O system were assessed. As a first step, we analyzed the
phase reactions in the Si-C-Y-O subsystem and the thermo-
dynamic compatibilities of Y-silicates (Y,Si,0,, Y,SiO,)
with SiC. Fig. 1 shows a calculated volatility diagram where
the condensed phase stabilities are presented at a tempera-
ture of 1 650 °C as a function of the partial pressures of the
major forming gaseous species CO and SiO, respectively.
Obviously, the environmental conditions ( temperature,
partial pressures) during heat treatments have to be fixed
very precisely to end up with required phase assemblages.
The sublattice model described in the compound energy for-
malism was used for the treatment of the solid phases. In a
refined modeling, the liquid phase was described by using
the partially ionic liquid model presented as (A", Si** |
Y ), (0", Si0,*", Va, AlO,,, Si0,, C),, which

covers metallic liquid and oxide liquid as a single

phase''*’.
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Fig. 1  Volatility diagram at 1 650 °C for compatible composi-
tions based on Y,SiO5 and Y, Si,0,

Obviously another key subsystems in the quinary Si-C-Al-
Y-O system is the Y,0,-Al,0,-Si0, system. Fig. 2 shows its
calculated liquidus surface providing crucial information for
the liquid phase behavior and primary crystallizations in LPS-

SiC. It has to be emphasized that material compositions in this
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subsystem are not only relevant for LPSSiC but also for the
joining of SiC-based engineering components using Yttrium
aluminosilicate glass solders of chemical composition equiva-
lent to the SiO,-rich eutectic composition in the system at
1 625 K", In this regard, thermodynamic equilibrium calcu-

lations can also contribute to a better understanding of the
[12]

crystallization behavior of the glasses
SiO,
1.0

2

0 0.2 0.4 0.6 0.8 1.0
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Fig. 2 The calculated liquidus surface of the Al,0;-Y,05-Si0, system

Mass Fraction ALO, ALO,

Using the Si-C-Al-Y-O quinary thermodynamic data-
set, the influence of Al,0; and Y, 0, as additives in SiC liq-
uid phase sintering was investigated by calculations and
compared with experimental data. A simplification was
made by not considering of SiC solubility in the liquid
phase. Calculated phase fractions of the liquid phase formed
for different Al,0,/Y,0, ratios and SiO, contents at temper-
ature 1 925 °C are presented in Fig. 3. Calculations show a
slight increase of liquid amount with the increase of SiO,
content and practically no dependence on the Al,0,/Y,0,
ratio. We also calculated the sub-solidus phase relations at
1 673 K and compared them to our own experimental results

showing reasonable.
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Fig. 3 Calculated amount of liquid phase in a material with 10 wt. %

additives depending on the Al,0;/Y,0; additive mole ratio at
1925 °C for different SiO, contents (amount in wt. % ) in

the additives

3 Copper oxides as conversion-type elec-
trode materials in Lithium batteries

Copper oxides are of commercial interest to be used as
conversion-type electrodes in advanced lithium batteries'™’
The theoretical-specific capacity of e. g. CuO is as high as 674
mAh/g but the material is not yet in major commercial use be-
cause of capacity fading during its cycling in electrochemical
cells. Much more scientific clarification of materials behavior
in battery operation is required to improve the conversion-type
battery performance. Thermodynamic calculations can support
the better understanding of the fundamental equilibrium mate-
rials reaction mechanisms. This is most important as reference
information for better evaluation of the kinetic effects and side
reactions which are observed during electrochemical cycling.
Therefore, a thermodynamic description of the Li-Cu-O system
was developed based on literature data as well as on our own
experimental determination of the phase stabilities of ternary

1451 Fig. 4 shows the calcu-

phases in the Li-Cu-O system
lated Li-Cu-O isothermal section at 298. 15 K at 1 bar total
pressure. Additionally the equilibrium voltages, the activities
of oxygen are shown. Thermodynamic descriptions for three
ternary phases were taken into account: LiCuO, Li,Cu0O, and

LiCu, 0, , respectively.
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Fig. 4 Calculated Li-Cu-O phase diagram at 298. 15 K. The activi-

ties are given relative to the pure element O, (gas, 1 bar).

So called titration curves can be calculated along selected
composition paths using the Nernst equation. They give the e-
quilibrium cell voltage as a function of lithium content in the
cathode compartment of the cell. In addition, the entropy of
the cell reaction can be derived from the temperature depend-
ence of the equilibrium voltage. These equilibrium state and
the ideal properties show the upper limit of the different pa-
rameters. From the Li-Cu-O database, the reactions of CuO
and Cu,O with lithium (electrochemical half cell simulation)
were calculated. The reaction of CuO with Li is shown in
Fig. 5 and three voltage plateaus are detected. At first, the re-
action path goes along the tie line of CuO-LiCu, O, showing an
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equilibrium voltage of 2.583 V at room temperature. Upon
crossing the LiCu, O, compound, the equilibrium voltage drops
t0 2.429 V and the reaction follows the LiCu,0,-LiCuO tie
line. The potential curve shows an instantaneous decrease to
1. 975 V when entering the three phase field LiCuO-Li, O-Cu.
In a three phase field, the chemical potential of lithium does
not change which results into the potential plateaus. When
crossing the two phase field Cu-Li,O the potential of lithium
changes continuously from 1. 975 V of the invariant equilibri-
um involving LiCuO to 0 V at the invariant equilibrium under
participation of metallic lithium as shown in the inset
in Fig. 5.
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Fig. 5 Calculated titration curve of the reaction of CuO with Li at

298. 15 K (dashed line) compared to literature data (open squares)

The temperature dependence of the plateau voltages
calculated from the titration curves is shown in Table 1.
With increasing temperature, the equilibrium voltages of
plateaus 1 and 2 increase, whereas that of plateau 3 decrea-
ses. This leads to a positive entropy of reaction for the first
two cell reactions, the formation of LiCu, 0, from CuO and
LiCuO from LiCu,0,. The formation of Li,O and Cu during
the reaction of LiCuO with Li has a negative reaction entro-

py-

Table 1 Temperature dependence of the plateau voltages calcu-

lated from the titration curves

Temperature /K Plateau 1 /V Plateau 2 /V Plateau 3 /V

233.15 2.571 2.410 2.011
273.15 2.578 2.422 1. 989
298. 15 2.583 2.429 1.975
333.15 2.589 2.439 1.955

4 Ti-Al-Cr alloys for turbine technologies

Titanium aluminides are materials for high-temperature

applications e. g. in gas turbines because of their low density,

high-temperature strength, and creep and oxidation resist-
ance. Some are already used in commercial aircraft turbines.
The ultimate aim of TiAl-based alloy development is construc-
tion of powerful and efficient light weight turbines which can
save fuel and lower emissions of environmentally toxic gases.
Addition of ternary elements to the TiAl-based alloys, such as

]

chromium , can improve their low temperature ductility!'®’ and

. . . [17
oxidation resistance ].

However, developing of such ad-
vanced high temperature engineering Ti-Al materials requires a
deep understanding of possible stable and metastable heteroge-
neous phase reactions which can occur during alloy preparation
and under operational conditions. In the course of our re-
search, the phase equilibria in the ternary Ti-Al-Cr system at
1 473 K were experimentally clarified. The experiments were
planned on the basis of thermodynamic calculations which
were performed earlier in our research group by Cupid et
al'™ . Fig. 6 shows a corresponding calculated isothermal sec-
tion for a temperature of 1473 K in comparison with experi-

mental data from three research groups. Due to the uncertainty

in experimental data, the ternary t-phase was considered stoi-
11

chiometric by Cupid et a
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Fig. 6 Calculated partial isothermal sections at 1 473 K by Cupid

et al. "'®) and experimental data

Obviously, it is necessary to clarify experimentally the
homogeneity ranges of this 7-phase as well as ternary exten-
sions of binary phases which had to be neglected due to incon-
sistencies in available experimental literature data. Of specific
interest was the clarification of the ternary homogeneity ranges
of the B-phase and the Cl4-Laves phase, respectively. More
experiments were required as a base for a refined modeling
taking into account crystal structures of the phases and site oc-
cupancies of Wyckoff-positions with different species as a
function of temperature and composition. Based on the prelim-
inary calculated results by Cupid et al. , indicating the major
two-phase and three-phase equilibria in the isothermal section
at 1 473 K, a total of 18 key alloy compositions could be de-
fined for the further studies. A compositional range of up to 75
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at. % Al was considered. The alloys were prepared by arc-
melting and subsequent heat treatment and quenching using a
vertically arranged tube furnace. The chemical compositions of
the quenched samples as well as the chemical compositions of
the individual phases in the samples were determined using e-
lectron probe microanalysis with wavelength-dispersive X-ray
spectroscopy ( EPMA/WDS). The phase composition of the
samples was obtained using X-ray diffraction ( XRD). The
spatial distribution of individual phases was obtained from the
scanning electron micrographs taken using back-scattered elec-
trons (SEM/BSE) and from electron back-scatter diffraction
(EBSD) experiments. Details of the elaborate sample prepa-
ration and analyses can be found in the corresponding publica-
tion' "

Based on these results a partial isothermal section was
constructed which is in good accordance with the originally
calculated section but providing much more detailed infor-
mation on the homogeneity range of the ternary r-phase and
the ternary extensions of the 8-, the y-, the (Al;Crs), and
the C14 Laves phases, respectively (Fig. 7). A continuous
solid solution of the B-phase at 1 473 K was confirmed
which is of major relevance for the preparation of commer-
cial alloys. The next required step in research is the refined
thermodynamic modeling of the Ti-Al-Cr system taking into
account the data as described here plus our additional ex-
perimental results in regard to the liquidus and solidus sur-
faces'™’ and thermodynamic data for intermetallic phases in
the system'”"’

Hashimoto et al.[Has 1998]
* = Single phase

» Two phases
Three phases Al

* Kainuma et al.[Kai 2000]0
“ Fujita et al.[Fuj 2001] .

® Phase composition (EPMA)
o Alloy composition (EPMA)

T=1200 C

§\ C14
) 1 \\‘~I 0

1 1 L ] L T L
Tio 10 20 30 40 50 60 ‘90\80 90 100 Cr
at%Cr C15 C36

Fig. 7 Phase equilibria in the Ti-Al-Cr system at 1 473 K

5 Zirconia for thermal barrier coatings

The knowledge on phase equilibria and thermodynam-
ics in the Zr0,-RE,0,-Y,0,-AL, 0, system ( RE = Rare

Earth elements) including the binary and ternary subsys-

tems is most important for several industrial energy applica-
tions. Y, 0,-stabilised ZrO, ( YSZ) is commercially used as
an engineering material for thermal barrier coatings ( TBC)
to protect Ni-base superalloys in gas turbine technology, as
an electrolyte in solid oxide fuel cells (SOFC) and oxygen
sensors, as well as a refractory material for high temperature
furnaces and oxidation catalysts. Earlier experimental inves-
tigations showed that RE, O, additives decrease the thermal
conductivity of YSZ thus making it a promising material
for TBC'*).

Therefore, RE, O, co-doped YSZ and RE,Zr, O, ( pyro-
chlore structure for RE = La — Gd) are possible candidates
for new TBC materials. Using thermodynamic databases for
quaternary Zr0,-RE,0,-Y,0,-Al,0, systems (RE = La,
Nd, Sm, Gd, Yb) it is possible to evaluate the stability of
new candidate materials for TBC and their compatibility with
Thermally Grown Oxides (e. g. Al,O, forming as TGO be-
tween Ni-base superalloys and TBC during gas turbine oper-
ation). Each of the five quaternary systems ( with La, Nd,
Sm, Gd and Yb, respectively) consists of six binary and
four ternary subsystems. Common to all these quaternary
systems is the Zr0,-Y,0,-Al, 0, system. One major scien-
tific aim of this project was to describe the complex solution
phases in the ZrO,-RE,0,-Y,0,-Al, 0, systems using the
sublattice model and the two-sublattice partially ionic liquid
model expressed in the compound energy formalism, see

e. g. publications > >’

Experimental phase diagrams were not available at all for
several of the constituent systems such as La,0,-Y,0,-Al,0,,
Nd,0,-Y,0;-Al,0,, Zr0,-Sm,0,-Y,0; and Sm,0,-Y,0;-
Al,O;. Our strategy followed again was to calculate the phase
diagrams of these systems first by extrapolation from binary
subsystems. From the results key experiments and analyses to
be done can be derived for each system. The experimental
studies of ternary systems allow revealing inconsistencies in bi-
nary and ternary systems from literature. Thus the project had
to combine extended literature data evaluation, own experi-
mental studies, and advanced thermodynamic modelling based
on the crystal chemistry of solid solution phases.

This included assessment ( Thermodynamic Optimiza-
tion) of model parameters for binary and ternary oxide systems
using computational materials thermodynamics ( CALPHAD
approach). The results contribute to the understanding of high
temperature compatibilities and stabilities of ( potentially )
commercial materials ( for e. g. thermal barrier coatings) in

this system. Thermodynamic datasets based on diverse types of
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experimental information were developed and phase diagrams
calculated and compared with experimental data from our work
and literature. The general goals and work tasks in the ZrO,-
RE,0,-Y,0,-Al, 0, systems (RE = La, Nd, Sm, Gd, Yb)
were ;

(1) Development of thermodynamic model for the pyro-
chlore solid solution based on crystal structure and site occu-
Ze'ty, (Zr, Y, La™),
(07, Va),(07%),(Va, 07%),.

(2) The crystal structure based modelling of all other

. +3 +3
pancies e. g. (La™, Y*7,

solid solution phases, i. e. (a) fluorite type phases, (b) tet-
ragonal zirconia solid solution phases, (c¢) C-bixbyite struc-
tures, and (d) perovskite solid solution phases and liquid
phase.

(3) Thermodynamic description of the available experi-
mental data on homogeneity ranges of solid solutions and phase
equilibria in ZrO,-based systems.

(4) To calculate multicomponent-multiphase heterogene-
ous phase equilibria and reactions in the ZrO,-RE,0,-Y,0;-
Al, O, systems.

(5) Experimental verification of calculated results and
vice versa using experimental data for refining thermodynamic
descriptions.

(6) Development of a self-consistent thermodynamic da-
tabase for the ZrO,-RE,0,-Y,0,-Al,0; systems (RE = La,
Nd, Sm, Gd, Yb).

(7) To calculate phase relations relevant to thermal bar-
rier coating stability and interaction with thermally grown oxide
based on the developed thermodynamic databases.

The solid solution phases were modeled with the sublat-
tice model expressed in the compound energy formalism. A
special challenge was the thermodynamic modeling for pyro-
chlore phase which had to be based on the crystal structure
with five different sites with strong preference of RE** to the
first site, Zr** to the second site, 07 to the third and fourth
sites and vacancies to the fifth site. This description causes
the following sublattice modelling: ( RE**, Zr**), (Zr**,
RE™), (07, Va),(07?),(Va, 07%),. All calculations
were made using Thermo-Calc program set (including PAR-
ROT and POLY-3 programs). Different types of phase dia-
grams (isothermal sections, isopleths, potential diagrams) as
well as thermodynamic functions, phase fraction diagrams and
liquidus surface projections were calculated.

Experimental studies were performed to cross-check the
results of thermodynamic modelling and computer simulations
and vice versa to refine thermodynamic descriptions. All oxide
samples were prepared by the co-precipitation method. The

compositions of all samples ( before pyrolysis) and filtrates

were investigated by Inductively Coupled Plasma Optical E-
mission Spectrometry ( ICP OES). The samples (from heat
treatment or thermal analysis) were analyzed by X-ray Diffrac-
tion, Scanning Electron Microscopy (SEM / EDX) and Elec-
tron Probe Microanalysis (EPMA). High Temperature Differ-
ential Thermal Analysis (DTA) was used to investigate phase
transformations in the samples. Additionally, Differential
Scanning Calorimetry (DSC) was used to measure heat capac-
ities. Rietveld method was applied for crystallographic charac-
terizations.

Some results for the investigations in the ZrO,-Sm,0,-
Y,0,-Al, 0O, system are described here. Phase diagrams of two
binary systems Sm,0;-Y,0; and Sm,0;-Al,0; and three ter-
Sm,0,-Y,0;-AL,0, and
7r0,-Sm, 0,-Al,0; were experimentally studied. The experi-

nary systems Zr0,-Sm,0,;-Y,0,,

mental data obtained in this project for the Sm,0,-Y,0; sys-
tem by long term heat treatments and DTA investigation were
in agreement with literature data. It was found in our studies
that the Sm,Al,O, phase is not stable at temperatures below
1 998 K and these data were used in the assessment of the
Sm, 0,-Al, 0, system. The calculated phase diagram is presen-
ted in Fig. 8.
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2400
= 2200 g L+B
A :
£ 2000
o}
% 1800
[ Al,O,+REAP REAP+B
1 600
14001
1200 02 04 06 08 10
ALO, Mole Fraction Sm,0O, Sm,0,
Fig. 8 Calculated phase diagram of the Sm, 0;-Al, O; system along with

experimental data

Comparison of calculations based on binary extrapolations
with experimental results indicated inconsistencies for the
7r0,-Sm,0,-Y,0; system. Therefore four compositions of
Sm, 0;-Y, 0, system were investigated by high temperature e-
quilibration and DTA. The obtained results indicated good a-
greement with earlier experimental data and calculations.
Therefore ternary interaction parameters were introduced in B,
C and fluorite phases, interactions between Sm and Y in fluo-
rite phase and solubility of Y,0; in pyrochlore phase were
modelled. The calculated isothermal section at 1 523 K is
presented in Fig. 9 along with results of XRD study.
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Fig.9  Isothermal section at 1 523 K for the ZrO,-
Sm, 05-Y, 05 system in comparison with experi-

mental data

Inconsistencies between calculations and experimental data
in the Sm,0,-Y,0,-AL 0, system in the Sm,0,-rich composi-
tions were assumed to be due to the Sm, Al, O, instability in the
Sm, 05-Al, O, system at temperatures below 1 873 K. Based on
a new obtained binary description, the Sm,0,-Y,0,-Al, 0, sys-
tem and mixing parameter of (Y, Sm),Al,O, solid solution
was optimized to reproduce experimental data on isothermal sec-
tions at 1 523, 1 673 and 1 873 K. The calculated isothermal
section at 1 523 K is presented in Fig. 10 along with results of
XRD study.
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Fig. 10  Isothermal section at 1 523 K for the Sm,0;- Y, 05- Al, O5 sys-

tem in comparison with experimental data

Also the clarification of melting behavior in the Al,O,-
rich compositions of Sm,0,-Y,0,-Al,0, system using DTA
and SEM/EDX investigation was undertaken. Obtained results
for eutectic reaction were used for optimization of ternary mix-
ing parameter in liquid phase and liquidus surface of the
Sm, 0,-Y,0;-Al, 0, system was calculated. The new Sm,O;,-

Al O, thermodynamic description was introduced into database

for the Zr0,-Sm,0,-Al, 0, system and phase diagrams ( iso-
thermal sections, vertical sections) and liquidus surface was
re-calculated. The experimental and calculated results ob-
tained in present project are presented in paper”’. Thermo-
dynamic databases for the ternary systems derived in this pro-
ject were combined with our previous data for the Zr0,-Y,0;-
Al,O, system into the quaternary ZrO,-Sm,0,-Y,0,-Al,0,

system description.

6 Conclusion

This paper reviews some of our research work using
CALPHAD approaches in combination with key experimental
studies to clarify phase diagrams and thermodynamics of ce-
ramic and metallic alloys systems. The four system cases se-
lected here refer to engineering materials of major interest in
energy applications and cover liquid phase sintering of SiC
(LPSSiC) , conversion-type Lithium batteries, TiAl-based al-
loys with chromium additions and zirconia-base thermal barrier
coatings, respectively. These are quite different materials sys-
tems in regard to their chemical and physical behaviors but can
be treated with similar approaches to clarify the underlying
phase diagrams and thermochemistry. Preliminary CALPHAD-
type thermodynamic calculations are helpful to define key ex-
periments for further research and study. This can relate to the
clarification of phase diagrams using e. g. X-ray diffraction
(‘with Rietveld analysis) , Electron Microscopy in combination
with EDX, Electron Probe Microanalysis (EPMA) and Ther-
mal Analysis (e. g. DTA, TGA, Dilatometry). Also key ther-
modynamic properties such as enthalpies, heat capacities and
entropies ( using Calorimetric methods e. g. DSC) can be
measured as well as electrochemical data. From such informa-
tion, the CALPHAD-type modeling and the resulting thermo-
dynamic datasets can be improved and used for supporting ap-
plication-oriented research and development in energy materi-

als and engineering.
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