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Context



Risks

Green transition induces 
a systemic change in the 
metal demands – possibly 
reaching the limit of the 
reserves/resources

Abundance
Environment

Bypoducts

Mining – even for green application – is not an 
environnent/social/geopolitics neutral industry 

More than 50% of elements are not mined for themselves but 
as by products of a host metal. The (highly necessary) recycling 
of the host metals (Al, Cu, Fe, Ti…) may ironnically lead to 
shortage in the by products… necessary for the green and 
Digital transitions



Abundance

6 – 12 
orders of magnitudes between 

the abundance of Rock-
forming elements and 

Platinoids



CO2 Footprint

2 kg CO2/kg of Iron
50t CO2/kg of Gold



CO2 Footprint

Extracting the volume of a 

bottle of water of Gold, 

requires to extract the 

volume of an Olympic 

swimming pool of rock



Byproducts

61%
of metals and metalloids 
elements (38 of 62) have 

companionality greater than 50%

By-product metals are technologically essential but have problematic supply

Nassar et al. SCIENCE ADVANCES (2015)

DOI: 10.1126/sciadv.1400180 



Byproducts

https://cdmr.ch/

Price inelasticity of demand:

- The demand will not decrease 
due to a higher price

- The offer will not increase due to 
a higher price

https://cdmr.ch/


Byproducts
Strongly non-linear problem !

Price, 

CO2,

CAPEX,

Demand

Extraction as a by product

Price inelasticity 
Demand threshold

The demand cannot be 

sustained by the offer

Shortage

The market 

regulates by 

shortage (and 

huge losses)

Primary extraction

The metal is now extracted for itself or as 

a co-product with important CAPEX 

needed, higher footprint and a long 

exploration time (15 years)

Adapted from Vincent Donnen - CDMR



Primary mining

Investment in Mining is at its 

lowest for 10+ yrs!



Shortage

Shortage:

- Became a reality after Covid 19 due to a 
mismatch between the restart of the 
different sector of economy (automotive vs. 
Semiconductors)

- Such shortage may happen more often due 
to “geologic reasons” which is more 
concerning!

- Shortage are much more dangerous than 
commodity price variation (hard to hedge)



Shortage for Hydrogen economy?



Shortage for Hydrogen economy?

100s of billions € 
invested in Hydrogen. 

These investment might be 

very soon in jeopardy due to 

Platinum Group metals 

shortage



2109 % 433%

Context

% metal required in 2050 for clean energy technologies vs. 2020 overall use (Source: KU Leuven – Eurometaux)

403%



What can we do?



Reduce 
overconsumption?



Reduce overconsumption

1. A lever with immediate & substantial effect  but hard to maintain over long time period (e.g. COVID 19)
2. High risk of social unrest if too brutal (e.g. 2008 financial crisis, COVID 19) 
3. More a ‘Western’ view rather than a global view 



Recycle ?



Recycling



Recycling

Primary extraction

2 kg CO2/kg of Iron

12 kg CO2/kg of Aluminum

380 kg CO2/kg of Silver

50t CO2/kg of Gold

Recycling

0.7 kg CO2/kg of Iron

2.5 kg CO2/kg of Aluminum

38 kg CO2/kg of Silver

1t CO2/kg of Gold

Carbon footprint divided by 3-6 for abundant 

materials 10-50 for precious metals



Recycling

The wheel of metal companionality (Nassar et al.)

The principal host metals form the inner circle. Companion 

elements appear in the outer circle at distances proportional to 

the percentage of their primary production (from 100 to 0%) 

that originates with the host metal indicated. 

Recycling may be a risk for 

the by products!



Recycling

End-of-life recycling input rates 

(EOL-RIR) for the EU-28 

By products are (ironically) 

poorly recycled…



Recycling



The case of Platinum

Recycling will 

compensate the 

decrease in mine supply 

but will not avoid 

Platinum shortage



Substitute ?



The substitution equation

●  Constraint 1: Green products must save more CO2 usage than the 
extraction of its raw materials generated

● Constraint 2: Green products must be affordable 

● Constraint 3: Green products must equal or outperform the existing ones

● Constraint 4: Materials used must be abundant

● Constraint 5: Materials must not be produced in non-democratic countries

● Constraint 6: Coal&Gas must be replaced by electricity or H2 in the 
industrial processes but not from nuclear power

Solution of the equation:

{Ø}



A possible solution: Expand the library of Functional Nanomaterials



Assess
Materials sustainability, even at low TRL

Explore &Discover
New materials with high performance

What do we do?

Do it fast!



New constallations of Materials

Metastable Materials

Metal-Organic 

Frameworks
High Entropy Alloys



What are High Entropy 
Alloys?



Classical model: crystalline vs. amorphous

Crystalline Amorphous



High Entropy alloys: ordered and disordered

• A three-dimensional periodic 
atomic network with random 
chemical decoration.

• A single-phase solid solution 
containing at least 5 elements 
with a molar composition of at 
least 5% 



Why HEA are 
interesting?



Enhanced properties

High-entropy alloy: challenges and Prospects 

Ye et al. Materials Today Volume 19, 2016



Non-linear thinking

𝑷𝑯𝑬𝑨  ≠  ෍ 𝒙𝒊𝑷𝒊

• 𝑃𝑖 is a property of the element i

• 𝑥𝑖 is the concentration of the 
element i in the HEA



Outliers

• Many theories predicting 
physical properties cannot 
accommodate High Entropy 
Alloys



Why AI is needed?



Answers

Do it fast!



The classical (simplified) theory

G = H - TS

• A stable material is a material with the lowest G (free enthalpy)

H , Enthalpy
related to the energy needed to bind the atoms 
(the lowest the better)

S, Entropy
Related to the number of possible combination 
(the disorder)



The classical theory

G = H - TS
The conditions under which an element could dissolve (Hume-Rothery rules) in are 

empirically defined as  :
• The atomic radii of the solute and solvent atoms must differ by no more than 15%:
• The crystal structures of solute and solvent must match.
• Maximum solubility occurs when the solvent and solute have the same valency. ...
• The solute and solvent should have similar electronegativity

Birds of a feather flock together
Qui se ressemble s’assemble



The classical theory

G = H - TS
The entropy is proportional to the logarithm of the number of 
combination Ω: 𝑆 = 𝑘𝐵 ln Ω
The number of combination increases with the number of alloying 

element n: Ω = 𝑁! ς𝑖=1
𝑛 1

𝑁𝑖!

𝑆 = 𝑘𝐵𝑁𝐴𝑣 ෍

𝑖=1

𝑛

𝑥𝑖 ln 𝑥𝑖



The classical theory

G = H - TS
The entropy is proportional to the logarithm of the number of 
combination Ω: 𝑆 = 𝑘𝐵 ln Ω
The number of combination increases with the number of alloying 

element n: Ω = 𝑁! ς𝑖=1
𝑛 1

𝑁𝑖!

The entropy is maximal if the number of element increases, and if 
they are in equimolar concentration: 

𝑆 = 𝑘𝐵𝑁𝐴𝑣 ෍

𝑖=1

𝑛

𝑥𝑖 ln 𝑥𝑖

Boredom was born from uniformity
L'ennui naquit un jour de l'uniformité – La Motte



1. Configurational entropy is:

a. Maximal for equimolar alloys

b. Increases with the number of alloying element

2. According to this theory High entropy alloy should be more likely:

a. At equimolar composition

b. For higher number of alloying element

Basic theory



First massive modeling

According to this theory High entropy 
alloy should be more likely:

a. At equimolar composition

b. For higher number of 
alloying element



First massive modeling

According to this theory High entropy 
alloy should be more likely:

a. At equimolar composition

b. For higher number of 
alloying element



Materials discover without AI

Et d’IA!



The start of Machine Learning
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AI Challenges



AI for HEA

The largest data set contains less than 2000 entries

Small Data 

Create new entry experimentally takes about 2 days, 
requires 3 instruments (synthesis apparatus, X-Ray 
diffractometer and EDS analysis). The cost can be roughly 
estimated around 100-1000€ per entry

Expensive Data

Explainable AI
AI results must contribute to the elaboration of 
a new HEA theory Moderate performances

70% accuracy would lead to spectacular 
experimentalist efficiency improvement
False positive are OK but not the false negative



First results

05



Accuracy

96%
Accuracy





Why then, no significantly new HEA 
has been predicted by AI so far? 



Reason 1: ratio HEA vs. Non HEA

Dataset 1 Dataset 2

No of entries: 650 000

Proportion of HEA: 4.6%

Method: DFT

Representation of elements: All 

combination of 40 éléments

Source: Chen et al. Nat. Comm (2023)

No of entries: 1600

Proportion of HEA: 75%

Method: Experiment

Representation of elements: Overepresentation of Fe, 

Co, Mn, V, Ti and refractory metals (Ta, W, Zr, Hf)

Source: Machaka et al. Data in Brief (2021)



Reason 1: ratio HEA vs. Non HEA

Dataset 1

Learning: 80% of Dataset 1

Predicting: 20% of Dataset 1

Accuracy: ~ 95%

Explanation: The model predicts that no 

HEA exists!

No of entries: 650 000

Proportion of HEA: 4.6%

Method: DFT

Representation of elements: All 

combination of 40 éléments

Source: Chen et al. Nat. Comm (2023)



Reason 1: ratio HEA vs. Non HEA

Dataset 2

No of entries: 1600

Proportion of HEA: 75%

Method: Experiment

Representation of elements: Overepresentation of Fe, 

Co, Mn, V, Ti and refractory metals (Ta, W, Zr, Hf)

Source: Machaka et al. Data in Brief (2021)

Learning: 80% of Dataset 2

Predicting: 20% of Dataset 2

Accuracy: ~ 90%

Explanation: The model predicts a few 

non-HEA, otherwise it assumes these are 

HEAs (high false positive rate)



Reason 1: ratio HEA vs. Non HEA

Dataset 1 Dataset 2

No of entries: 650 000

Proportion of HEA: 4.6%

Method: DFT

Representation of elements: All 

combination of 40 éléments

Source: Chen et al. Nat. Comm (2023)

No of entries: 1600

Proportion of HEA: 75%

Method: Experiment

Representation of elements: Overepresentation of Fe, 

Co, Mn, V, Ti and refractory metals (Ta, W, Zr, Hf)

Source: Machaka et al. Data in Brief (2021)

Learning / 

Predicting



Reason 2: poor coverage of the parameter space

Standard Deviation

 atomic radius
Standard Deviation

 Electronegativity

Standard Deviation

 Valence

Experimental Dataset is NOT representative

Random Alloys Experimental Dataset



AI with wrong dataset….





How to continue the 
HEA Exploration?

Do it fast!



1. AI needs experiment!

2. Experiment are long and expensive → Selection of the region of interest is of the utmost 
importance!

a. Cover the parameter space: accept risky experiment, or to fail voluntarily!

b. Focus experiment on materials with a substitution potential (more sustainable)

No Data – No AI!



Sustainability Assessment



Materials development without sustainability assessement

Je t’avais pourtant 

bien dit Dupond que 

mettre de l’Osmium 

dans un matériaux de 

structure n’était pas 

une bonne idée

Saperlipopette 

Dupont, On avait 

pourtant mis septante 

millions de francs 

(belges) dans cette 

manip!



Sustainable HEA by Design

Only 6 of the 464 

most sustainable 

predicted HEA 

systems have been 

synthesised!



Sustainable HEA by Design

15000 
HEA systems are 

candidates to 

substitute Platinum. 

12 
HEA systems to 

substitute 15% of 

Stainless Steel (3%

of Steels)



Conclusions



Take home messages

1. The Green and Digital transition is highly dependant on Metals

2. Recycling  & Reduction of overconsumption are of the utmost importance but are not « magic sticks »

3. New materials have to be discovered to substitute the most critical and polluting ones

4. AI is a fantastic accelerator for discovery…providing the use of proper dataset!

5. Materials must be assessed beyond a simplistic « cost-performance » paradigm, but with the sustainability 
taken into account

Conclusions
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1. Sustainability Assessment Software (upon 
acceptance of the paper): January 2024

2. We can be HERawS: podcast on raw materials 
(November 2023)

3. Life long learning courses: from Spring 2024 in 
Ljubljana, Nancy, Belgrade and Luxemburg

4. Our LinkedIn page: 
https://www.linkedin.com/company/heraws/ 

Follow us!

https://www.linkedin.com/company/heraws/


Thanks for your 
attention

alexandre.nomine@univ-lorraine.fr

mailto:alexandre.nomine@univ-lorraine.fr


Conference given for the US Department of Energy and published at the 
American Chemical Society (link here)

https://pubs-acs-org.bases-doc.univ-lorraine.fr/doi/10.1021/acsenergylett.3c01303
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