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Multinary phases

Unexplored compositionally complex alloys
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Steels

Superalloys

High-entropy alloys

Multiple principal 
element alloys

Metallic glasses

….

Compositionally 
complex alloys: 

> 4 elements

“Combinatorial explosion” for multinary systems

Compositional, 
process-related 
and structural 
complexity

Quinaries:
2.118.760
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Combinatorial and high-throughput methods for the investigation of novel materials 

Exemplaric results for intermetallic systems:

Quaternary shape memory alloys

3

Prof. Dr.-Ing. A. Ludwig  | www.rub.de/wdm  | R. Zarnetta, R. Takahash, V. Srivastava, M. L. Young, A. Savan, Y. Furuya, S. Thienhaus, B. Maaß, M. Rahim, J. 
Frenzel, H. Brunken, Y. S. Chu, R. D. James, I. Takeuchi, G. Eggeler, A. Ludwig (2010), Identification of quaternary shape memory alloys with “zero” thermal 
hysteresis and unprecedented functional stability , Advanced Functional Materials, 20, 1917 – 1923.

Vanishing hysteresis 
in SMA

http://www.rub.de/wdm
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Combinatorial materials research for novel intermetallic alloy systems

Understanding of the influence of alloying elements 

on phase stabilities in Ni- and Co-based superalloys 

in ternary model systems (TCP  phases)
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• high-temperature processing of materials libraries (> 1000°C)

• identification of compositions showing particular phases / or properties

• high-throughput oxidation studies

Cr-Ni-Re, Co-Ti-W, Ni-Al-Cr, Co-Al-W, …

Ar overpressure to lower
sublimation of elements  like 
Al, Mn at high temperatures

A. Janghorban, J. Pfetzing-Micklich, J. Frenzel, A. Ludwig (2014), Investigation 
of the thin film system Cr-Ni-Re by high-throughput experimentation, 
Advanced Engineering Materials, Vol. 16,  588-593  
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High entropy alloys
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https://doi.org/10.1038/s41578-019-0121-4 

„Alloying has long been used to confer desirable properties to materials. 

Typically , it involves the addition of relatively small amounts of secondary 
elements to a primary element.“ 
e.g. Fe alloys, Al alloys,Ti alloys, Ni alloys and so on

new alloying strategy: 

combination of multiple principal elements in high concentrations 
(often equiatomic) to create „high-entropy alloys“

Large search space is offered, 
some promising materials already discovered, many more expected 

https://www.dierk-raabe.com/high-entropy-alloys-overview/

George, Raabe, Ritchie, Nat Rev Mater 4,  515–534 (2019).

H.S. Oh, et al. Nat Commun 10, 2090 (2019).

https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1038/s41578-019-0121-4
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High entropy alloys
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https://doi.org/10.1038/s41578-019-0121-4 

J. W. Yeh et al. provided a rationale for HEAs:
they hypothesized that the presence of multiple (five or more) elements in 
near-equiatomic proportions would increase the configurational entropy of 
mixing by an amount sufficient to overcome the enthalpies of compound 
formation, thereby deterring the formation of potentially harmful intermetallics. 

This was a counterintuitive notion because the conventional view — likely
based on binary phase diagrams in which solid solutions are typically found at 
the ends and compounds near the centres — was that the greater the number 
of elements in concentrated alloys, the higher the probability that some of the 
elements would react to form compounds. 
But Yeh et al. reasoned that, as the number of elements in an alloy increased, 
the entropic contribution to the total free energy would
overcome the enthalpic contribution and, thereby, stabilize solid solutions.

H. Liu, et al., SusMat.,1:482–505 (2021).

HEA: 5 or more elements in

relatively high concentrations 

(5–35 at.%)

Single-phase, solid-solution HEAs 

with face-centred cubic (fcc), body-centred cubic 

(bcc),

hexagonal close- packed (hcp) and orthorhombic 

crystal structures have been identified. 

Yeh, J. W. et al. 

Nanostructured high-entropy alloys with multiple principal elements: 

novel alloy design concepts and outcomes. 

Adv. Eng. Mater. 6, 299–303 (2004).

https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1038/s41578-019-0121-4
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Multinary phases

High entropy alloys
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https://doi.org/10.1038/s41578-019-0121-4 

https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1038/s41578-019-0121-4
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Multinary phases

High entropy alloys
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https://doi.org/10.1038/s41578-019-0121-4 

https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1038/s41578-019-0121-4
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Multinary phases

HEA et al. …
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➢ high entropy effect:

• High configurational entropy favor solid solution 
phases over competing intermetallics.

➢ lattice distortion effect:

• Lattice distortions are more severe than 
in conventional alloys, and increase hardness, 
reduce electrical / thermal conductivity……

➢ sluggish diffusion effect:

• Diffusion is sluggish in HEAs.

➢ ‘cocktail’ effect:

• The result of synergistic mixture is unpredictable 
and greater than the sum of the parts.

Z. Li, et al., JOM, 69, 2099 (2017).

High entropy alloys (HEAs), 
High entropy materials (HEM), e.g. high entropy oxides (HEOs)
Complex concentrated alloys (CCAs)
Multiple principal element alloys (MPEAs)
Compositionally complex solid solutions (CCSS) 
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Multinary phases

HEAs: Cantor alloy, CrMnFeCoNi
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The CrMnFeCoNi alloy was one of the first equiatomic

HEAs reported to crystallize as a single-phase fcc solid solution. 

 

It was later discovered that it decomposes into metallic (bcc Cr) and 

intermetallic (L10-NiMn and B2-FeCo) phases below about 800°C.

Cantor, B., Chang, I. T. H., Knight, P. & Vincent, A. J. B.

Microstructural development in equiatomic multicomponent alloys. 

Mater. Sci. Eng. A 375, 213–218 (2004).

HEAs: Senkov alloy, TiZrHfNbTa
bcc TiZrHfNbTa alloy. 

Compared with extensive information available on the Cantor alloy and

its derivatives, little is known about the fundamental

structure–property relations in bcc HEAs, especially the refractory HEAs
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Multinary phases

Example for search of new HEAs
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https://doi.org/10.1038/s41563-020-0750-4
https://doi.org/10.1038/s41563-020-0750-4
https://doi.org/10.1038/s41563-020-0750-4
https://doi.org/10.1038/s41563-020-0750-4
https://doi.org/10.1038/s41563-020-0750-4
https://doi.org/10.1038/s41563-020-0750-4
https://doi.org/10.1038/s41563-020-0750-4
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Multinary phases

High entropy materials (oxides, nitrides, …)
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compositionally complex ceramics 

high entropy metal sublattice ceramics

J. Appl. Phys. 130, 150903 (2021); doi: 10.1063/5.0062523 

www.nature.com/articles/s41578-019-0170-8 

http://www.nature.com/articles/s41578-019-0170-8
http://www.nature.com/articles/s41578-019-0170-8
http://www.nature.com/articles/s41578-019-0170-8
http://www.nature.com/articles/s41578-019-0170-8
http://www.nature.com/articles/s41578-019-0170-8
http://www.nature.com/articles/s41578-019-0170-8
http://www.nature.com/articles/s41578-019-0170-8
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Discovery and optimization of nanostructured functional materials 

Compositional effects on solar water splitting 

in Bi(V-Mo-X)O4, X: Ta, W, Nb

13

R. Gutkowski, C. Khare, F. Conzuelo, Y.U. Kayran, A. Ludwig, W. Schuhmann (2017) 

Unraveling compositional effects on the light-induced oxygen evolution in Bi(V-Mo-X)O4 material libraries, 
Energy & Environmental Science 

Photoelectrochemistry 1.23 V vs. RHE (0.1 M borate buffer, pH = 9)

BiVO4 Bi(V-Mo-Ta)O4

Bi(V-Mo-W)O4 Bi(V-Mo-Nb)O4enhanced photocurrents 
(up to 10x) compared to BiVO4 in 
Bi(VMoW)O4 and Bi(VMoNb)O4
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Multinary phases

High entropy nanomaterials
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Yao et al., High-entropy nanoparticles: Synthesis-structure 

property relationships and data-driven discovery, Science 376, 

eabn3103 (2022), https://doi.org/10.1126/science.abn3103 

 

https://doi.org/10.1126/science.abn3103
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Multinary phases

High entropy nanomaterials

15Yao et al., High-entropy nanoparticles: Synthesis-structure 

property relationships and data-driven discovery, Science 376, 

eabn3103 (2022), https://doi.org/10.1126/science.abn3103 

 

https://doi.org/10.1126/science.abn3103
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Multinary phases

Mixing non-mixable elements in 

high entropy nanomaterials

16
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Multinary phases

Mixing non-mixable elements in 

high entropy nanomaterials
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https://doi.org/10.1016/j.matt.2021.06.015 

https://doi.org/10.1016/j.matt.2021.06.015
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Combinatorial and high-throughput methods for the investigation of novel materials 

Exploring quinary composition space: „high entropy“ 

alloys, multiple principal element alloys

18

Co-sputter deposition of 

multinary materials libraries 

from up to 5 elemental targets

Visualization of multidimensional data Z. Li, A. Ludwig, A. Savan, H. Springer, D. Raabe (2018) Combinatorial 
metallurgical synthesis and processing of high-entropy alloys, accepted 
by Journal of Materials Research 
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Combinatorial and high-throughput methods for the investigation of novel materials 

High-throughput characterization of materials libraries:

Composition and phase constitution of a quinary system

19
B. Xiao, A. Savan, X. Wang, A. Ludwig (2021) Phase constitution of the noble metal thin-film 
complex solid solution system Ag-Ir-Pd-Pt-Ru in dependence of elemental compositions and 
annealing temperatures, Nano Research, https://doi.org/10.1007/s12274-021-3516-7
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Materials informatics for XRD phase analysis:

Towards autonmous experimentation

20P. M. Maffettone, L. Banko, P. Cui, Y. Lysogorskiy, M. Little, D. Olds, A. Ludwig, 
A. I. Cooper (2021) Crystallography companion agent for high-throughput materials 
discovery, Nature Computational Science 1, 290 – 297.

XCA: autonomous companion agent 

that learns from fully synthetic data 

and can predict phases from XRD patterns in real time

for the rapid, accurate classification of XRD datasets 

effective across materials domains, requires no labeling of experimental

data, and is robust despite varying degrees of texture, peak shifting,

peak broadening, phase mixing and amorphous disorder
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Combinatorial and high-throughput methods for the investigation of novel materials

„High entropy“ alloy nanoparticle libraries: 

Cr-Mn-Fe-Co-Ni

21

Systematic removal of each element from the quinary system yields a significant drop 

in activity for all quaternary alloys, indicating the importance of the synergistic 

combination of all 5 elements, likely due to formation of a single solid solution 

phase with altered properties which enables overcoming limitations of single elements

T. Löffler, H. Meyer, A. Savan, P. Wilde, A. Garzón Manjón, Y.-T. Chen, E. Ventosa, C. Scheu, A. Ludwig, W. Schuhmann
(2018) Discovery of a Multinary Noble Metal Free Oxygen Reduction Catalyst, Advanced Energy Materials1 802269
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Combinatorial and high-throughput methods for the investigation of novel materials

Cr-Mn-Fe-Co-Ni nanoparticle libraries: 

ORR catalysts

22Patent application 10 2017 128 058.8 

T. Löffler, H. Meyer, A. Savan, P. Wilde, A. Garzón Manjón, Y.-T. Chen, E. Ventosa, C. Scheu, A. Ludwig, W. Schuhmann
(2018) Discovery of a Multinary Noble Metal Free Oxygen Reduction Catalyst, Advanced Energy Materials1 802269
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Combinatorial and high-throughput methods for the investigation of novel materials

What Makes High-Entropy Alloys Exceptional Electrocatalysts?

23
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Thin-film and nanoparticle complex solid solution electrocatalyst libraries

Discovery of  compositionally complex solid solutions 

(„high entropy alloys“) for electrocatalysis

24

We need fast methods to explore 
the multidimensional CSS search space 

to identify new electrocatalysts (active + stable) and 
understand the working principles of these materials

Experiment Simulation
Closed-loop 

simulation-experimentation

Adv. Energy Mater. 8, 1802269 (2018) Joule (2018)

T. A. A. Batchelor, T. Löffler, B. Xiao, O.A. Krysiak, V. Strotkötter, J. K. Pedersen, C.M. 
Clausen, A. Savan, Y. Li, W. Schuhmann, J. Rossmeisl, A. Ludwig Complex solid solution 
electrocatalyst discovery by prediction and high-throughput experimentation, 

Angewandte Chemie Int Ed (2021) 60, 6932–6937
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Unravelling composition-activity-stability trends in 

high entropy alloy electrocatalysts using a data-guided 

combinatorial synthesis strategy and computational modelling

25

L. Banko, O. A. Krysiak, J. K. Pedersen, B. Xiao, A. Savan, T. Löffler, 
S. Baha, J. Rossmeisl, W. Schuhmann, A. Ludwig (2022) 
Unravelling composition-activity-stability trends in high entropy 
alloy electrocatalysts by using a data-guided combinatorial 
synthesis strategy and computational modelling, 
Advanced Energy Materials, 2103312
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Questions

26

(1) What are “high entropy alloys“?

(2) Why is the name in some cases problematic?

(3) What is the promise of high entropy materials?

(4) What makes high entropy nanomaterials interesting?

(5) Discuss (meta)stability and phase formation in the context of HEAs
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Neue Großprojekte

zur Erforschung von Hochentropie-Materialien

für das Energiesystem der Zukunft

Alfred Ludwig 

Ruhr-Universität Bochum
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T. Löffler, H. Meyer, A. Savan, P. Wilde, A. Garzón Manjón, Y.-T. Chen, E. Ventosa, C. 

Scheu, A. Ludwig, W. Schuhmann (2018) 
Discovery of a Multinary Noble Metal Free Oxygen Reduction Catalyst, 
Advanced Energy Materials 1 802269

Discovery: Cr-Mn-Fe-Co-Ni rivals Pt in oxygen reduction reaction

T. Batchelor, J. Pedersen, S. Winther, I. Castelli, K. Jacobsen, J. Rossmeisl (2019) 

High-Entropy Alloys as a Discovery Platform for Electrocatalysis, 
Joule, 2019, 3, 834

“high entropy alloy* and 
catalysis“ 

Yusenko et al., Scripta Materialia, 138, 22 (2017)
Yao et al., Science 359, 1489–1494 (2018)

2018       2019  2020

  2021  2022. 
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New materials
• urgently needed for sustainable energy future
• sustainable electrocatalysts 

Compositionally complex solid solutions 

• design platform for future electrocatalysts

• paradigm-changing design principle

• atomic-scale details and statistical abundance 
of surface atom arrangements

Motivation for compositionally complex solid solutions (CCSS) 

and surface atom arrangements (SAA)

Goal of 

Collaborative Research Centre 1625

fundamental scientific understanding 

of CCSS surfaces, 

i.e. mastering poly-elemental SAA 

by fusion of simulation, 

synthesis, 

characterisation, 

and data science

1.4.2024- 31.12.2027 (+ 2 x 4 years)

Electrolyzer

for H2 production

Fuel cell

for energy provision
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Binding energy
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Single element
(ideal surface)

Quinary
CCSS phaseDoped phase

Binary
intermetallic phase

T. Löffler, A. Ludwig, J. Rossmeisl, W. Schuhmann (2021) What makes high-entropy alloys exceptional electrocatalysts? Angew. Chem. Int. Ed. 2021, 60, 26894

Example: 
Hydrogen evolution 
reaction

SAA make CCSS exceptional electrocatalysts

Binding energy 
as descriptor

 for catalytic activity
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Universal applicability and multifunctionality of CCSS

Hypothesis

Electrochemical properties of CCSS 

can be tailored for any reaction, 

if we can master their poly-elemental

surface atom arrangements

Activity and stability                       Cascade reactions
    
 

Multifunctional CCSS surface

x
x
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Exploration and exploitation of CCSS 

by data-driven science   

Phase I:

• 9 noble metals  

• 126 quinary systems
• 104 compositions in 1 system

• 105 of SAA for 1 composition

Combinatorial explosion  

➞ data-driven science

Binding energy
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B C D E

A20B20C20D20E20
unfavourable system

A

System selection

➞  Identify most active SAA
➞  Maximise their number
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favourable composition

close to equiatomic enhanced red element content

Binding energy Binding energy

Composition optimisation

F F
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Theoretical basis for understanding and rational design of SAA

T. Batchelor, J. Pedersen, S. Winther, I. Castelli, K. Jacobsen, J. Rossmeisl, Joule, 2019, 3, 1
C.M. Clausen, M.L.S. Nielsen, J.K. Pedersen, J. Rossmeisl (2022) Ab Initio to Activity: Machine Learning-Assisted 

Optimization of High-Entropy Alloy Catalytic Activity, High Entropy Alloys & Materials

Adsorption energy regression 
procedure
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Our strategy to master SAA

Atomic-scale details

and

statistical abundance 

of SAA

CRC 1625: A unique team to address the challenge

Deep collaboration
Sample and data lineage tracking

Scale-bridging approach integrating 
• theoretical prediction 
• high-throughput and in-depth experiments 
• data science
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Dataset of identified SAA

Exemplary workflow to identify SAA: 

Data-guided prediction-synthesis-characterisation

Electrochemical 

activity screening 
(C01, C02)

Synthesis and 

characterisation of 

CCSS films (A01, S)

Prediction of 

SAA 

(A01, A03, A04)

Dataset of single phase 

CCSS compositions

Atomic-scale 

characterisation by 

APT, FIM, TEM 
(B01, B02, B03, B04)

Atomic-scale 

characterisation 

by STM (B05, C04)

Nanoelectrochemical 
modification (C03)

Synthesis and 

characterisation of large 
grain, smooth CCSS for 

STM (A02, S)

Research data management (INF) 

Materials informatics, 

Knowledge graph, Data fusion (A05, A06)

Dataset of electrochemically 

active single phase CCSS 

compositions
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CRC 1625 
Atomic-scale understanding and design of multifunctional 
compositionally complex solid solution surfaces

Our holistic approach will fulfil the vision 
to control SAA on the atomic scale and 

across the surface 
and enable design of ideal CCSS surfaces 

for specific applications
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ERC Synergy Grant DEMI

2024 - 2029
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KAPITEL | CHART-HEADLINE

• High activity

• Natural abundance

• Stable

38

metastable state 1

metastable state 2

ac
ti

vi
ty

time106 h102 h 104 h

• Uncontrolled degradation

• Complex materials space

• No theory of metastability 

initial state

inactive stateOxygen reduction reaction 
Oxygen evolution reaction
CO2 reduction reaction
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KAPITEL | CHART-HEADLINE

CB

A high activity

low activity

39

High entropy material nanoparticle 
(all elements shown in blue)
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KAPITEL | CHART-HEADLINE

Ludwig, Mayrhofer et al.  Nature Catalysis 2018; Arenz, Rossmeisl et al. in review

CB

A high activity

low activity

40
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KAPITEL | CHART-HEADLINE

41
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New approaches for Accelerated 

Materials Discovery

42

• Microlibraries

• Combinatorial processing platforms for 

accelerated atomic scale characterization

Part of ERC Synergy Project DEMI
Directed Evolution of Metastable Electrocatalyst Interfaces 
for Energy Conversion
(J. Rossmeisl, Copenhagen; M. Arenz, Bern; A. Ludwig, 
Bochum; K. Mayrhofer, Erlangen)
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Exploring the quinary composition space

43

L. Banko, E. B. Tetteh, A. Kostka, T. H. Piotrowiak, O. A. Krysiak, U. Hagemann, C. Andronescu, W. Schuhmann, A. Ludwig (2023) 
Microscale combinatorial libraries for the discovery of high entropy materials, Advanced Materials, 2207635

ternary: Ir-Pt-Ru quaternary: Ir-Pt-Ru-Rh quinary: Ir-Pt-Ru-Rh-Pd

coverage: 17% coverage: 3% coverage: 0.6%
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New approach: Micro-Libraries

44

L. Banko, E. B. Tetteh, A. Kostka, T. H. Piotrowiak, O. A. Krysiak, U. Hagemann, C. Andronescu, W. Schuhmann, A. Ludwig (2023) 
Microscale combinatorial libraries for the discovery of high entropy materials, Advanced Materials, 2207635
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Accelerated atomic-scale exploration of phase evolution in compositionally complex alloys

Combinatorial processing platforms for accelerated 

phase evolution in HEM: Electrochemical Oxidation

V. Strotkötter, Y. Li, F. Lourens, A. Kostka, T. Löffler, W. Schuhmann, A. Ludwig (2024) Self-Formation of Compositionally Complex 
Surface Oxides on High Entropy Alloys Observed by Accelerated Atom Probe Tomography: A Route to Sustainable Catalysts, 
Materials Horizons, 11, 4932-4941, 10.1039/D4MH00245H
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Consistent and complete multidimensional 
data-sets of compositionally complex materials

Materials discovery 
and optimization

Materials data management + 
materials informatics (AI agents)
-> autonomous experimentation
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