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Topic: LC-SPIRE-08-2020 Novel high performance materials and components (RIA)

Specific challenges:

Overcome Materials inherent limitations that hinders Energy intensive industries to
— - reach carbon neutrality by 2050.
IL Scope:
" Design and Develop highly innovative materials with improved properties
%+ Develop embedded sensor
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Performance Targets
Resistance to:

Waste heat recovery high temperatures, acid
CO2 capture contaminants and abrasive particles

MY

H2 FUELED hydrogen embrittlement of the
STEEL-MAKING pipework, heat exchangers etc.
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’* \l Increased lifetime of With high silicon content friction increases, as

P extrusion die temperature and wear on the die
Aluminum ! THERMAL
BREAKDOWN !
2 - -
- - PT1
" Increase lifetime and reduce Thermal breakdown of Kiln Bricks CO.~
thermal loss in Kiln at pyrolytic temperatures THERMAL .
Ceramic BREAKDOWN CORROSION

This project has received funding from the European Union’s Horizon 2020 research and innovation programme. Grant agreement 958457.
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Pl' o Corrosmn of metallic components from acidic,
w0 ¥ basic and reactive species in CCUS
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e Hydrogen embrittlement of high-strength steels from
hydrolytic and process hydrogen
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e Mechanical Damage, such as erosion, impact damage of process
_ plant from particulates, wear from friction
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I— .
e Thermal breakdown, i.e. alkaline attack at pyrolytic
temperatures, thermal degradation induced by friction etc :- e
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PERFORMANCE
TARGETS

MANUFACTURING
PROCESSES '

3 MATERIAL
VARIANTS
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The New Materials from F

Conventional Metal Alloys Alloys that have no dominant element

Alloys with more than 4 elements
Element concentration 5-40at%
More that one phase can be present

o high configurational entropy and large lattice distortions
contribute in a unique way to the mechanical properties

o good corrosion resistance
corrosion and pitting potentials in the range of austenitic and ferritic stainless steels

o the ability to depart from alloy dominated by a single element offers the
possibility to tailor new combination of material physical properties LINK

This project has received funding from the European Union's Horizon 2020 research and innovation programme. Grant agreement 958457.


https://www.forge-project.eu/news/2021/compositionally-complex-alloys-an-overview

The New Materials from Fv

Compositionally

o Extend the range of the HEC-compounds to include medium entropy and non-
equimolar compositions

o Lower thermal conductivities than their highly entropic counterpart

o Outperform HEC for their mechanical properties

This project has received funding from the European Union's Horizon 2020 research and innovation programme. Grant agreement 958457.


https://www.forge-project.eu/news/2021/forge-explores-compositionally-complex-alloys
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a systematic material development approach
=> Impossible task, countless compositions

development is supported by Deep Learning algorithms able to
correlate the properties and composition of CCA/CCC

DL Algorithm . l Experimental Output
Dataset /| Development Prediction Campaign Dataset

earch and innovation programme. Grant agreement 958457.



@ F% RGE Dataset Generation
Data [Example

Composition at.
Composition 7%
Phases (Measured)
Synth. Method
Hardness (Measured)

Al0_25 C01 Fe'| N|1

Al; 4 Cozgg Fespg Nizgg
FCC

Casting

138 HV

DATASET INTEGRATION

Composition %

Phases (calculated)
Liquidus-Solidus Temp.
Gibbs Energy (calculated)

Enthalpy (calculated)
Entropy(calculated)
Helmotz Energy (calculated)
Yield strength (calculated)

Radius Asymmetry
Enthalpy of Mixing
Entropy of Mixing

Mean Mealting Temperature

Aly, Cozgg Fespg Nizgg
FCC (fraction)
1425-1412°C

-122270

38641
95,74
-122270

94,13

Entropy/Enthalpy ratio

Young modulus asymmetry
Valence electron Concentration
Electronegativity

Data from Open Repositories, Open
access reviews and articles:

High Entropy Alloys, Compositionally
Complex Alloys and High Entropy
Ceramics systems T

Integration of the datasets with
calculated parameters based on
integration of CALculation of PHAse
Diagrams (CALPHAD) method into
Integrated Computational Materials
Engineering (ICME) Approach

Integration with parameters calculated
directly from the composition and the
element properties



https://www.forge-project.eu/news/2021/high-throughput-screening-calpahd-for-material-designs
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RG E Strategy for Deep Learning

Iteration = 8819
RMSE = 48.92

F

Correlation Matrix Training data

Radius asymmetry

Enthalpy of mixing

600
outputs

Young modulus
asymmetry
Valence electron
concentration
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https://www.forge-project.eu/news/2021/xai-guided-design-and-exploration-system-for-ccas-cccs

Input DL Algorithm Predicti Experimental
Dataset Development rediction Campaign

@,

T -

Startin ’ . .
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Literature Indgc_ti_on Melting: Physical Vapou Coating Performances
Definition of Deposition:
|DH| composition « Composition
refinement
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Starting CCC First Iteration:
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Bulk Specimens from Induction Melting and Casting

30 alloys from first ML-preciictions

have been synthetized

i Tilm i
Melting CCAs is a challenge, broad melting
temperatures (aws0° wasoo), reactive with crucibles (i

. "

First feedback of the DL-algorithm predictions

Specimens from these 30 new alloys are being
tested for HV, Corrosion, and H2 embrittlement =

This project has received funding from the European Union's Horizon 2020 research and innovation programme. Grant agreement 958457.


https://www.forge-project.eu/news/2021/paving-the-way-for-high-entropy-alloy-machine-learning

To synthesize hundreds of éfll?ys in a single process
by combinatorial deposition in the same wafer
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Element gradients will be defined considering the -
output of eXplainable Al, for the most relevant Elemqﬁ& ,
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Reference Composition (Cantor) have been
produced and distributed for preliminary tests 4

This project has received funding from the European Union’s Horizon 2020 research and innovation programme. Grant agreement 958457.



https://www.forge-project.eu/news/2021/high-throughput-experiments-pvd-coating-technology

Powders from Mechanical Alloying
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Mechanical Alloying output is a powder and e EVOlUtIOh Of CCA durlng the process
gives more flexibility in the CCA composition = s 53

T _

Diverse composition has been tested to
define the strategies for CCA containing
ductile and refractory elements

r——

Reference Composition (€antor) haye been
produced and distributed for prellmlnary tests 4 .
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https://www.forge-project.eu/news/2021/mechanochemical-synthesis-of-compositionally-complex-alloys

Compositionally Complex Ceramics

L

Data in literature are not as available as for the ? - = ';t;.,‘; = e o
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the attempt to create an internal database _6
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https://www.forge-project.eu/news/2021/forge-explores-compositionally-complex-alloys

KPI number

KPI Name

Hardness

Tested by

Test name (standard)

Vickers hardness
(ASTM E92)

Quantity measured
directly from test

Hardness (HV10)

Deviation from ML
predicted hardness

H, charging

charging via a solution containing (hydrogen
or deuterium) + Thermal Desorption
Spectra (TDS) (diffusible hydrogen)

H, content after
charging (ppm)

H, content after
charging (ppm)

<SOA value

HNO; resistance
(cast specimens)

Linear Polarisation Resistance
(ASTM G59/G102)

Corrosion rate (mm/y)

Corrosion rate

Nanohardness

Nanohardness
(1ISO 14577)

Hardness (HV)

Deviation from ML
predicted hardness

H, charging

Hydrogen charging followed by
nanoindentation (customised test)

Hardness (HV)

Hardness variation

HNO; resistance
(PVD patterns)

Droplet corrosion
(customised test)

Corrosion rate
(mmly)

Corrosion rate
(thickness loss)

Cost

Porosity
(sol route)

Fraunhofer

n/a

Archimedes mehod
(DIN EN 623-2)

Cost (€/kg)

Porosity
(vol%)

Cost

Porosity

Corrosion rate

Fraunhofer

Microstructural analysis after corrosion
exposure (customised)

Corrosion rate (mm/y)
from (mm/run)

Corrosion rate
(CCC-coated
refractory

<05

CTE
(sol route)

Fraunhofer

Dilatometry
(DIN EN 821)

CTE
(10°%/K)

Deviation from
brick CTE

<200
CTE (coating)-
CTE (brick) < +-

Porosity

Fraunhofer

Archimedes method

IR 1 PR 1 AN N\

Porosity

Porosity

<5

Key Performance Targets

Forge Dgfi_nited the
Acceptable Threshold at
each development stage.
down to industrial -
validation

1me. Grant agreement 958457.
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Database Managei

Property: Property:

Property: Property: Property: Property: Property:
2 Property: Proper?y. Prope'rty. Exp. broperty: Property: Property: Test Property: Eroperty; Properfy. Proper'fv. Exp. Calculated o N C Reference: Reference: Reference:
Formula (Mol. Ratio) 5 Processing Grain 2 Calculated Type of uTsS Elongation Elongation Young Young o .
Microstructure < Density 5 temperature YS (MPa) £ content content content doi year title
3
(g/em’) (°C) (wppm) (wppm) (wppm)
(GPa) (GPa)
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