ACHIEF Training material

DTNM/LV/2023/019

% ACHiEF The project has received funding from the European Union’s Horizon 2020
research and innovation program under Grant Agreement N° 958374.



Artificial intelligence for HEA
material selection

Tom Andersson
VTT

gimen AL |

¥4 ACHIEF



High Entropy Alloys (HEAS)

Class of materials containing more than 4-5 AR AR AN .‘.’.’.'.’,'.,’,’.'.
principal elements that have a mixture of Bl Ll A A A A R i AT A AR
simple FCC, BCC, and HCP structures. .‘.‘.’.‘.‘:.‘::.‘.‘.‘.‘.‘. o .'.‘.‘.‘:. .'.‘.'.":...
* They can appear in different phases : solid A AL AL L h 0.'...0.'.0.0:_ Ay A
solution (SS)', intermetallic (IM), amorphous CSS0000cccse ....';.... AAYY' S
(AM), or a mix of them. o.o.o.o.o.o.o.o.o .o o. .. oo .o.- o
Conventional alloy High-entropy alloy

n
AS = —R ) c¢;Ing;
Many HEAs have higher strength than traditional alloys even Based on high entropy concept i=1
in elevated temperatures l
* The BCC metals often have very high yield strengths with
limited ductility.
* The FCC metals have high ductility but low strength JELIE.
- The mixture of BCC + FCC is expected to possess g
balanced mechanical properties. o medum | nan entroRy

AG = AH — TAS
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Challenges in HEA design

Hit and trial method

* No phase diagram

* Does not follow traditional (emperical) rules
e Huge number of combinations

Ab initio simulation

e Availability of suitable potentials?

e Huge computing power and time required
Parametric approach

e Relatively new material group

* Not enough scientific background

CALPHAD

e Limited reliable databases

e Time and cost effective

The project has received funding from the European Union’s Horizon 2020 4
research and innovation program under Grant Agreement N° 958374.
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Workflow for generating new alloy candidates

®  The used approach is based on Generative Adversarial Networks (GAN).
®  Datasets have been developed, containing data from real samples, and used as a training data.

®  After trained, the model can generate synthetic samples, based on the features (design parameters) learned from the real
samples, giving as output a candidate.

Real Samples

Dataset '
4 7‘ . : 7 »: 1"
. —> — =
s ' Welgh:tz Calibration 1 ‘E- g N -
' Synthetic v ; OOV, e Sane:
Sample '
' A== E.E":'o....._w
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Z—y

Model

Discriminator Network
Generator Network e Candidate
A \ Material

-
O
A

Latent Space Stoichiometry ;;QqﬂtlgﬂLa
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Developed dataset

Fed neural Network with the dataset
Generate synthetic candidates
Validate candidates
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High entropy alloys design parameters:

. Features Equations

Based on literature a dataset was created.
Mean atomic radius a= > -

1. 15 features (in the table Atomic size difference 2

s features (i the tzble S
2. Number of elements Average melting temperature Tm = 2iCi - T
) ) ) ) ) Standard deviation of melting temperature T \2
3. Phase (amorphous, intermetallic, solid solution, and a mix of or =/ Ziar(1-1)
intermetallic + solid solution) Mixing enthalpy N AHpix = 42 i - G - Hy
o h alel . T the g - Standard deviation of mixing enthalpy Oan = \/Z#jci'cj'(Hﬁ_AHmjx)z

4. 78 chemical elements wi eir corresponding concentration Mixing entropy AS,n = — RYic;- log ¢
Electronegativity X = 2" Xi
Standard deviation of electronegativity

Ay = \/ Silatni—207)
Valence electron concentration VEC = 3 _ic; - VEG
Standard deviation of VEC
Ouee = | Zi (6 (VEC—VEC)?)

Mean bulk modulus K= 2K
Standard deviation of bulk modulus Ok = /zici'(K:' —KY?
Young modulus E= Z ¢ E;
Shear modulus G = Z ¢ G;
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Training the model

Layer Type Dimension Type Dimension
‘ Stoichiometry Input Latent + Cond. 90 Features + Cond 71
* Latent Space /| Conditionj Hidden 1 Dense layer 256 Dense layer 256
\'/\ |/\/ Hidden 2 Dense layer 128 Dense layer 128
. Output Dense layer 71 Dense layer 1
4 : : : : :
, GDNN training progress

Generator Network

0 |
\oooo\
Real Model >
St0|ch|ometry I R |

A —— Discriminator loss
Dlscrlmmator Network — Generator loss
—6L i
-8l
. . -10} |
|/\/ \_/'\‘| _12 |

50 100 150 200 250 300

0
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Validation of GAN

»Validation methods

* Verification of generated samples which were not included at the training dataset
* Comparison between DFT-based calculation and NN enthalpy for HEA.

Dataset AM IM
TiZrHfCuNi CoCrFeNbNi CoCrFeNiPd2 CrNbTiZr
> CTGAN E
2‘ 27.3600 || 28.5582 14.8800 14.2790 6.1111 6.5604 5.0000 5.3064
3
Dataset OoQMD Dataset 3§ OQMD Dataset OQMD Dataset | OQMD
\/ Al16CoCusFeMoP10 Alo.4CoFeMo00.2PtTi Bi3C00.5CuNiVZno.s Al10CoFeSb2Ti

9.5515

|AH] [k)/mol]

Candidate

Materials

46.5803 i 22334 54.1474 Ml 54.0288 31.5358 [l 32.6102
CTGAN @ OQMD CTGAN | OQMD CTGAN | OQMD
[0 Real I Real BN Real [ Real
Synthetic Synthetic Synthetic Synthetic

OQMD

DFT Calculations
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Materials Design Tool

Tool for generating high entropy alloys based on this methodology.

H Generation of candidates  — O *

High Entropy Alloys 8 X
¥ Generation of candidates — O bt Humber of samples: |10{ |
Materials design tool V1.0 & X | Number of elements: |5 |
Melting temperature range (®C): |&D{} | |2I}{}D |

Route: |Rﬂ5ult5_|—leas.)d5x

| Samples without screening |

| Samples with screening |

% ACHiEF The project has received funding from the European Union’s Horizon 2020 9
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Screening for simulation

Periodic table of the elements .
* Initial approach:

[] Akali metals [[] Halogens
B growp B Alkaiine-oarthmetals L] Noblegases * Noble gases and radioactive elements
E’_ L [] Transition metals [[] Rare-earth elements (21, 39, 57-71) L
] 1 pr—— and lanthanoid elements (57—71 only) 2 remOVEd
a 2 [] oth tals [C] Actinoid elements 1 “ = ° 17|

3 |4 er nonme 5 |6 |7 [8 |9 |10 o : -
2[°5 |ge I R L L A total of 78 chemical elements remained

1 |12 13 |14 |15 |16 |17 |18
%| Na Mg | 3 4 5 6 7 8 9 10 N 12 | Al | Si | P S | Cl I"AT

19 |20 (21 |22 |23 |24 |25 |26 |27 |28 |29 [30 |31 (32 |33 |[34 [35 |36
“'k |ca|sc|Ti|Vv|cr|Mn|Fe|Co| Ni|Cu|zn|Ga|Ge|As | se|Br |«

37 (38 |39 |40 |41 |42 |43 |44 |45 |46 |47 |48 |49 |50 |51 |52 |53 |54
? Rb | Sr | Y [ Z2Zr |Nb [Mo[~fc-| Ru |[Rh | Pd | Ag |Cd | In | Sn | Sb | Te | |=Xe

55 |56 |57 |72 |73 |74 |75 |76 |77 |78 |79 |80 |81 |82 (83 |84 |85 |86
6 —Po——At——Ri—

La| Hf | Ta| W Re ([Os | Ir | Pt [Au|Hg | Tl | Pb | Bi

Ba
88 89 104 (105 (106 |107 (108 |109 (110 (111 [112 (113 (114 |115 (116 |117
—Fr—Ra—AcR—Bb—Sg—Bf——Hs—Mi-Bs— Ry Em—Nr——F—-Mc—tv—Fs—]

-y
Y
[o+]

g

58 59 60 61 62 63 64 65 66 67 68 69 70 7
Ce | Pr |Nd [P |Sm | Eu ([Gd [ Tb [ Dy [ Ho | Er [ Tm | Yb | Lu
91 92 93 94 95 96 97 98 929 100 |101 |102

—TirPaU—TNpTPuTAM T Cmr Bk CrEs—TFrmrvidNo— Tt

lanthanoid series 6

actinoid series 7 |

*Numbering system adopted by the International Union of Pure and Applied Chemistry (IUPAC). © Encyclopzedia Britannica, Inc.
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Screening for simulation

Periodic table of the elements Noble gases removed.

B Al mitale [ Halogens  Radioactive elements removed.
B group [] Alkaline-earth metals [] Noble gases
E’_ L [] Transition metals [[] Rare-earth elements (21, 39, 57-71) ° Ra re_earth elements removed
and lanthanoid elements (57-71 only) ’
1 5 [C] other metals
3 2 [C] Other nonmetals [] Actinoid elements * Toxic elements removed.
2 Li Be .
|12 * Expensive elements removed.
8 —Na- Mg 3 4 5 6 7 8 9 10 11 12
19 (20 |21 |22 |23 |24 |25 |26 |27 |28 [29 |30 » Elements with T, > 2000 °C removed.
*| | ca |-Se-| Ti |- |-cr|Mn | Fe | Co | Ni | Cu|-Zn
5[ o8 a0 (41 [42 [43 (a4 [45 (46 (47 |48 » Atotal of 19 chemical elements remained.
Ro T Sr1— YT Zr (Nb Mo Tc T Ru Rirt| Pd | Ag | Cd
55 56 57 72 73 74 75 76 77 78 79 80
®les| Ba HfTa W Re—Os|—r——Pt | Au | Hg
87 88 89 104 (105 |106 |[107 |108 (109 (110 (111 |112
! Fr—TRa Ac [ R Bb 1 Sg 1 Bir Hs WMt Bs T Rg 1t —tv—
58 59 60 61 62 63 64 65 66 67 68 69 70 71 19 11 628 19 27 132
lanthanoid series 6 | . F Nd——P S —EUGd oDy Ho [ Er r—¥o—u 5 - 6 -
90 91 92 93 94 95 96 97 98 929 100 [101 |102 (103
actinoid series 7 | _, r — s
v T Pa [ U T Np T Poa AWM [Cmr Bk T CF T Es [ Fm [ Mid [ NO | L 19 19
= 50 388 = 75582
*Numbering system adopted by the International Union of Pure and Applied Chemistry (IUPAC). © Encyclopzedia Britannica, Inc. 7 8
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Screening for simulation

* Following VTT's experience on stability analysis, compounds that include Ni, Al and Si
were promoted.

_ % chemical
* No more than 35% per chemical element. element

100%

° ----------- 50%
_________ 35%

Desired

5% region
0%
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HESA Materials
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77 ACHIEF  VWhy HEAs-Basic data PM2 %23

CONGRESS & EXHIBITION

Bl Traditional Alloys ‘

*Introduced by Cantor in 2004

e At least 5 main elements (5-35% at) equal or near equiatomic v | Equiatomic HEA
PrDPDrtiﬂn .,3_4‘ - Non-equiatomic HEA
.:, BHSEd on ngh Entropy CO”CEPt EI‘ (2 ‘C Pradeepet al, Mater. Sci. Eng. A 648, 2015
i

ASmnf = —R Z X; In X, Four core effects of HEAs

f:

» More constitutional elements—> Higher configurational entropy High-entropy effect (thermodynamic)

.
- 2. Severe lattice distortion effect (structure)
n S S S R 3. Sluggish diffusion effect (kinetics)
low |[medium | high entropy .
10R  15R

» Higher entropy - Higher thermal stability St o
oy 4

AGITIiJ’{ — AH mix ASTTHX Schematic showcases the four core effects of

HEMSs.A Amiri et al. J. Mater. Chem. A, 2021,9,

?82-—823 Atomic Structure:

=wrous Compoaition, Lattics Dato rtian

w




B 74 ACHI HEAs for HT Applications

- Potential to replace Superalloys as the next generation high-temperature materials

WERLD
PM2:i322

CONGRESS & EXHIBITIOHl

1. Refractory HEAs (RHEAs): TiZrNbHfTa, AIMoo,5NbTao,5TiZr, Ta-Mo-Cr-Ti-Al
2. High entropy superalloys (HESAs): Alx-Tiy-Co,CrgFe-Nip
3. Eutectic High Entropy Alloys (EHEAS): AlCoCrFeNiz2.1, CuFeNiTi, Co-Fe-Mn-Ni-Ti

perior HT strength through dual-  HT strength due to Y/Y structure  One hard phase on a ductile Solid Solution (SS) one

ase nanostructure A2B2 (bcc) through precipitation hardening (lamellar morphology) Excellent both strength and ductili
sher operating Ts>900°C Operating temperatures up to Good compromise between high strength and ductility u
900°C to 700°C
2100
Mechanical properties of high-eatropy allays (HE A
CHALLENGES :::z ' HEA-I —o.—.u:.. o5 130
. " . . " - G v
nited processability/getting Coarsening of precipitates at Designing of EHEAs 3. 1 -..H._l i 5o S e
ments; Costly Grain Boundaries (GBs) promotes Z no s
embrittlement . N
stricted RT ductility HT strength need to be improved %l
compared with State of the Art i =
(SGA) Ni-based SUPEI'E[”'D)(S (SA) 00 600 800 1000 1200 1400 1600 1801

Temperature (K}

wer oxidation resistance at HT
L T Ymwrmalsrsimer s v aimdmies IVl issmyr =g 14
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Challenges in HEA design Q

Hit and trial method
% No phase diagram
% Does not follow Hume-Rothery rules

%* Very large number of combinations

Ab initio simulat
Initic simufation In ACHIEF a combination of Al+ physical

% No potential available ‘ modelling is pursued for fast screening of HT
% Huge computing power and time required HESA candidates

Parametric approach

“* No scientific background (empirical rule)
CALPHAD
% Limited reliable databases

+* Time and cost effective

N

4 -
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CONGRESS & EXHIBITION

PROCESSING ROUTES IN HEAS

* Casting (arc-melting)

* Powder metallurgy route (mechanical alloying)

* In situ deposition routes (Laser directed energy deposition)

* Carbothermal shock synthesis (HEAs nanoparticles)

* Combinatorial materials synthesis (chemically graded HEAs)
In ACHIEF, atomization + powder-Additive

Manufacturing route have been selected to have

enough quantity for industrial application and
quality powder specific for AM routes.
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PDC coating developments with improved high
temperature corrosion and erosion resistance

Sébastien Vry — CEA Liten, Grenoble, France

¥4 ACHIEF
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Objectives and applications

Development of a “easily applicable and inexpensive” anti-corrosive
coating based on PDC and fillers for industrial user case

Objectives

03.1. To assess the thermodynamically characteristics for optimum selection the nature of charges and pre-ceramic
polymer for improved high-temperature corrosion and wear resistance.

03.2. To select the appropriate formulation and determine processing parameters for coatings development.

03.3. To Identify the processing-composition-properties relationship that control high-temperature characteristics
against aluminium attack.

The project has received funding from the European Union’s Horizon 2020 19
research and innovation program under Grant Agreement N° 958374.
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Pre-ceramic polymer Family / To remind !

Precera

Polyborosiloxanes

R o®
teoky.

Polyborosilanes

oot

Polyborosilazanes

R‘ g) R.‘
faaat Hioud,
R R*

R? R'R¥"

¥4 ACHIEF

oot

{

Polysiloxanes Polysilsesquioxane

8o

on Polymers

Polycarbosiloxanes

R' Ry,
Fod

Polysilazanes Polysilsesquiazanes

Fhf

15401

SixOyCz
Ex : Silres MK
Hyper-branched
Low cost

Organosilicon type pre-ceramic
polymers make it possible to
produce silicon-based
ceramics by applying heat
treatments to them in air or in

P10 inert atmospheres. It s
gher cost possible to modulate the
Oxydation properties of the final ceramic
Polysilylcarbodiimide: by controlling the chemistry of
fs:,"‘*“"t the precursors and the
Polysilsesquicarbodiimides associated heat treatments.
h{n-cng, SixCyNz
P Colombo, et al., Polymer-Derived Ceramics: 40 Years of
Research and Innovation in Advanced Ceramics, J. Am.
Ceram. Soc., 93 [7] 1805-1837 (2010)
The project has received funding from the European Union’s Horizon 2020 20
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Different types of fillers

with with with with
passive filler  active filler meltable filler sacrificial filler

compllanoo

G. Barroso, Q. Li, R. K. Bordia, and G. Motz, ‘Polymeric and ceramic silicon-based coatings — a review’, J. Mater. Chem. A, vol. 7, no. 5, pp. 1936-1963, 2019, doi: 10.1039/C8TA09054H.

The project has received funding from the European Union’s Horizon 2020 21
research and innovation program under Grant Agreement N° 958374.
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PDC Properties

Depending on the mixture and addition of metallic or ceramic fillers:

Mechanical properties: high hardness, modulus and strength.

Stability in extreme environments: good thermostability, high oxidation and corrosion
resistance.

Adhesion properties: high adhesive attraction and low surface tension.

Hydrophobicity (non wetting)
Durability: wear resistance, anti-fouling and anti-biofilm formation properties. @ Low
toxicity and biocompatibility.

% ACHiEF The project has received funding from the European Union’s Horizon 2020 22
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Approach

—> Development of a coating based on

_ AT
 Preceramic polymer: Polysiloxanes mm) SiO.C
@ Low cost, easily processable AT o
@ Tailor ceramic at molecular scale Polycarbosilanes mm) SiC

@ Low temperature conversion into silicon based ceramics
® High weight loss and shrinkage

O Ceramic fillers: Crystallization
e chemical barrier : m%
° ]

anti-wetting  Shaping
* thermal & mechanical properties

0 200 400 600 800 1000 1100 1200 1400 1600 1800 2000
Temperature (°C)

The project has received funding from the European Union’s Horizon 2020 23
research and innovation program under Grant Agreement N° 958374.
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User cases

%Constellium

- Components of Aluminum foundry casting - Difficulties

* Adhesion, wearing and diffusion of Aluminum
into refractory

« Oxidation in air of graphite

O Bricks (refractory)
 Rotors (graphite)

Objectives :
“* Reduce defects for the rotor
% Reduce of 25% the replacing frequency

% Increase durability at least 20%

The project has received funding from the European Union’s Horizon 2020 24
research and innovation program under Grant Agreement N° 958374.
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User cases

CJTupras

Turkish Petroleum Refineries Gorp.

—> Continous Catalyc Cracking unit venting pipeline (converts naphta into high octane reformate)

* Corrosion and leakage damage on S5321 pipes in HCl environment

Objectives :

* Decrease corrosion by 40% (6 = 3.6 mm/year)
“* Decrease replacing frequency of the pipelines
** Increase the maintenance interval ( >12 month).

—> Saves: cost production, energy consumption
—> Decrease the risk on the process safety

The project has received funding from the European Union’s Horizon 2020 25
research and innovation program under Grant Agreement N° 958374.
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Scaling up the method of deposition
Robotic Arm deposition

Chemical maps

Mag= 600X  EHT = 20.00 kV Signal A = SE2
LiTeN - 10 ym User Name = LITEN

DTNM |—| WD = 6.9 mm File Name = Refrac_1_x600_04.tif

Thermal treatment and evaluation
of coating homogeneity

Evaluation of aspect and
thickness with spraying

parameters (20-30 um) Computation modelling
of thermomechanical properties

Creation of trajectory

The project has received funding from the European Union’s Horizon 2020 26
research and innovation program under Grant Agreement N° 958374.
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Work plan

Formulate materials

—> Target properties Objectives:
- Good adhesion on surface (nature, cleaning, rugosity)

- No delamination during cycles = durability
Feed » - Continuous layer with no cracks (porosity, shrinking)
Knowledge - Coefficient of Thermal Expansion close to the substrate
- Low surface free energy / wettability
- Inertness with liquid phase (chemical reaction, diffusion)

Computation modelling and Al
—> List of spec

% ACHiEF The project has received funding from the European Union’s Horizon 2020 27
research and innovation program under Grant Agreement N° 958374.
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ceramics

an Open Access Journal by MDPI
Silicon Carbide Precursor: Structure Analysis and Thermal
from Polymer Cross-Linking to Pyrolyzed Ceramics

Sébastien Vry; Marilyne Roumanie; Pierre-Alain Bayle; Sébastien Rolére; Gui
Granger

Ceramics 2022, Volume 5, Issue 4, 1066-1083

The project has received funding from the European Union’s Horizon 2020
research and innovation program under Grant Agreement N° 958374.
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Optimized Cr-steels for Creep
Resistance

Lorena M. Callejo - TECNALIA

n TUBOS
REUNIDOSGROUP
TUBOS - PRODUCTOS

N\ "Z4

ACHiEF ived funding from the European Union’s Horizon 2020
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OUTLINE

« WHAT IS CREEP?

« THE ROLE OF THERMAL TREATMENTS

*  Austenitization
 Annealing
Normalizing

*  Quenching

«  Tempering

« HOW TO DESIGN AN ALLOY FOR SPECIFIC APPLICATIONS

* Requirements

. Definition

*  Feasibility

. Pre-industrialization
. Industrialization
Characterization

% ACHiEF The project has received funding from the European Union’s Horizon 2020 30
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WHAT IS CREEP?
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WHAT IS CREEP?

J CREEP ENERGY INTENSIVE INDUSTRIES

0 In many applications, alloys work at high temperatures under
static loads (steam generators, turbine blades, etc)

0 In such conditions, after time, materials suffer from permanent
deformation although the load keeps constant

0 This phenomenon is known as creep, and it becomes relevant
in alloys when exceeding 0.5 Tm (K)

ACHiEF The project has received funding from the European Union’s Horizon 2020 32
research and innovation program under Grant Agreement N° 958374.



WHAT IS CREEP?

d CREEP

A creep test involves a tensile specimen under a constant load maintained at a constant T.
Measurements of strain are then recorded over a period of time.

o The Yield Point is the o Components are designed so as
stress an alloy can not to be strained more than
resist without breaking acceptable or not to be broken for
within a certain an established period of time which
temperature range must be longer than the component
indefinitely lifetime

% ACHiEF The project has received funding from the European Union’s Horizon 2020 33
research and innovation program under Grant Agreement N° 958374.



WHAT IS CREEP?

o CREEP TEST

1. Cylindrical test samples are tested under constant siress and constant temperature,
The test sample inside the furnace is tensile tested under constant load for a defined
period of time (from 1.000 to 10.000 hours), and finally the strain/elongation is
measured as a function of time

uw Ty>Ty>T,
The result is the lifetime of the test Gt B
sample:
. . 2% o,
Time for rupture / time to reach the /
defined strain (for example 1%). 1o oy
Creep strain vs Time: T<OAT,

2. The tests are repeated at different temperatures and for different stress values

% ACHiEF The project has received funding from the European Union’s Horizon 2020 34
research and innovation program under Grant Agreement N° 958374.



WHAT IS CREEP?

Elongation/strain values Elongation/strain values
obtained for different stress obtained for different stress
values at different times values at different temperatures
% Totates
a ) ’
x . #f —
r‘l 1 T S0
&8 %Ko mm E. 1 11
"ok ) | |
* 2 -Eﬁ D0
20 g ; i -"'J' 1
10 - —T | A
’ aof -ass agto gs 10. &
0 200 400 &S00 300 W00 110 g Alargamienta en

Constant Temperature Constant Time

The project has received funding from the European Union’s Horizon 2020 35
research and innovation program under Grant Agreement N° 958374.
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WHAT IS CREEP?

o Different types of creep
« Atlow T, T<0,3T,, logarithmic creep
* Creep rate decreases with time

* The strain is always small

« The stress is higher than the yield strength

Stwabn («d, mrrvrmim G din.d

« Athigh temperature, T > 0,3T,, recovery creep. 3 zones can be distinguished:
« Primary creep: where the strain rate decreases
« Secondary creep: where the strain rate keeps constant
« Tertiary creep: where the strain rate increases until rupture

% ACHiEF The project has received funding from the European Union’s Horizon 2020 36
research and innovation program under Grant Agreement N° 958374.



THE ROLE OF THERMAL
TREATMENTS

% ACHiEF The project has received funding from the European Union’s Horizon 2020 37
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THE ROLE OF THERMAL TREATMENTS

[ THERMAL TREATMENTS ARE APPLIED TO: J

Provide the alloy with the properties required.
Main factors to take into account: Time & Temperature

Can change:

1. The nature of the constituents preserving the chemical composition
2. The microstructure

3. The internal tensions

The project has received funding from the European Union’s Horizon 2020 38
research and innovation program under Grant Agreement N° 958374.
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THE ROLE OF THERMAL TREATMENTS

[ THERMAL TREATMENTS ARE APPLIED TO: J

Provide the alloy with the properties required.
Main factors to take into account: Time & Temperature

USUAL THERMAL TREATMENTS

Austenitization
Annealing
Normalizing
Quenching
Tempering

¥4 ACHIEF

SURFACE THERMAL TREATMENTS

Carburising
Nitriding
Carbonitriding
Surface quenching

The project has received funding from the European Union’s Horizon 2020 39
research and innovation program under Grant Agreement N° 958374.



THE ROLE OF THERMAL TREATMENTS

[ THERMAL TREATMENTS ARE APPLIED TO: J

Provide the alloy with the properties required.
Main factors to take into account: Time & Temperature

USUAL THERMAL TREATMENTS

Austenitization
Annealing
Normalizing
Quenching
Tempering

¥4 ACHIEF

SURFACE THERMAL TREATMENTS

Carburising
Nitriding
Carbonitriding
Surface quenching

The project has received funding from the European Union’s Horizon 2020 40
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THE ROLE OF THERMAL TREATMENTS

1300

¢ AUStenltlzatlon Termperature / *C

1200

The steel grade is heated over A3/Acm (critical temperature) to oo SIS
obtain a fully austenitic microstructure 1000

500 @] -

.ﬁ.u_ste '|t|2!n|;|

Austerite]

. - . . 8 . ]
- 1 r AT-H"“--.:._/
\

&00 \1 o (Ferrite)

00

* The previous thermal history and microstructure GHFeC

400

of the material are removed 300

200

1ao

1]

0 0.2 0.4 0.6 0.5 1.0 1.2 1.4 1.6
Mass %% Carbon

% ACHiEF The project has received funding from the European Union’s Horizon 2020 41
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THE ROLE OF THERMAL TREATMENTS

* Annealing = Heating + holding + slow control cooling down to RT

There are several types of annealing that can be applied as a function Types of annealing

of the final objective: Of Total Austenitization
T>Ac; /A,
0 To remove previous structures resulting from forging/rolling/thermal - Steel softening & Structure regeneration

treatment: microstructure regeneration
0 To soften the steel

To promote structures suitable to ulterior processes/thermal T <Ac,
treatments * Remove tensions & Increase ductility

Subcritical annealing

To remove internal and surface tensions

0 To homogenize the chemical composition (eliminate segregations),
promote diffusion

Of Partial Austenitization

Ac, <T<Ac; /A

» Steel softening & Improve machinability
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THE ROLE OF THERMAL TREATMENTS

o Normalizing Heating ata T > Acg/ A, (~ 50°-70°C higher)
& Air cooling (CR < quenching & > annealing)

Termperature / °C

1300 —=
1200 e Objective: Remove internal tensions
1100 Y VP e i * Refinement & homogenisation of the grain size
1000 o T . . .
. o] = Improve the mechanical properties
R > =kl

500 ~ - -

\ A N gl | | . .
700 T —Ban e = It is commonly applied to steels that have been subjected to

500 _ Stress-relisf Annealing hot/cold working, irregular coolings or supercoolings
SO0 == —=——tt——+——+———

400 Elawater Tnmrnring

Or to remove the effects of a previous treatment

300

200

100 Termpering

— * Itis only used for Carbon steels or low alloyed steels

C /% (0.15-0.40%C)
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THE ROLE OF THERMAL TREATMENTS

*  Quenching

To Harden and strengthen the steel through the formation of martensitic
structures (at least 50% of martensite in the core)

* Uniform Heating >Ac; (40°-60°C higher)
* Holding at such T
* Rapid cooling (in water, oil, etc) depending on the steel grade

Hardenability: ability of the steel grade to form martensite from austenite on cooling

It is determined by the depth reached by the martensitic transformation in the steel, and consequently the hardness distribution (from
the surface to the core) inside the steel component

Factors influencing the quenching process and CCR: chemical composition; grain size; component size, quenching conditions
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THE ROLE OF THERMAL TREATMENTS

* Tempering

0 Commonly applied after quenching to decrease the hardness &
strength of the steel and increase the toughness

* HeatingtoaT<Ac,

* Holding atthat T

* Air cooling (conditions & time according to the requirements of the component)
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HOW TO DESIGN AN
ALLOY FOR SPECIFIC
APPLICATIONS
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HOW TO DESIGN AN ALLOY FOR SPECIFIC APPLICATIONS

Conventional Ao AHSS Grades
60 Steels . ...

Elongation (%)
S

0 200 500 800 1100 1400 1700 2000 ﬁ
Tensile Strength (MPa)

Source: WorldAutoSteel
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HOW TO DESIGN AN ALLOY FOR SPECIFIC APPLICATIONS

REQUIREMENTS

DEFINITION

FEASIBILITY

PRE-

INDUSTRIALIZATION SRR RHCTERIZA IO

INDUSTRIALIZATION
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HOW TO DESIGN AN ALLOY FOR SPECIFIC APPLICATIONS

REQUIREMENTS

Requirements / Objectives pursued

» 15% improved Creep strength in comparison to T115 grade
» Corrosion resistance of T115 preserved
» Weldability
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HOW TO DESIGN AN ALLOY FOR SPECIFIC APPLICATIONS

DEFINITION

.'w 1 L A L L L A ' '

/ \ Avneile
Design of chemical composition and/or thermal 1000
Advanced thermodynamic calculations treatment by modelling

Equilibrium phase diagrams

900 + Auslente + V(CN) -

» Advanced modelling software (ThermoCalc, DICTRA, JMatPro, etc.)
> In-house models (analytic and Al techniques based models)

» Optimization tools

» Study the effects of the elements/precipitates on desired properties

Solidificacién simulation %004

Temperature C

Calculation of properties

0O U000

Diffusion calculations
Fermte ¢ V(CN) + Cem + Grphate

m L) L} L} A L4 L} L) L] L]
A 0 0.1 02 03 04 05 0.6 07 08 09 1.0
Muass percent C
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HOW TO DESIGN AN ALLOY FOR SPECIFIC APPLICATIONS

DEFINITION

Equilibrium phase diagram Precipitation during tempering Evolution of mechanical properties during tempering
100 2.0 1290
®LouD
90
I FERRITE 1270
a0 MM
W 2USTENITE —
70 ims_Ba1 @ & 1750
BN o Z
% 60 IMNS = 1230
s LY o M, w
T e S 5 FEmzcH | Bz
*  M23CE o *m7ca =
= 1 ®LavEs = Z
= ol E Wz23c6 T 1180
30 0 m3B2 £ 6 It
#7_PHASE H7_PHASE | 21170
20 # G_PHASE L d7kle
WcH
10 ®oU 11480
i g ; i 1130
0 200 400 il 800 1000 1200 1400 1600 0,1 1 10 100 1000 10000 0,1 1 10 100 1000 10000
Temperature(C) Time (s) Time (5]
Solution temperature (C) : 1060.0 Solution temperature (C) : 1060.0
Tempering : at 765.0C for 7200.0 s Tempering : at 765.0C for 7200.0 s
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HOW TO DESIGN AN ALLOY FOR SPECIFIC APPLICATIONS

FEASIBILITY

LAB SCALE: Casting, Forging, Thermal Treatment

Melting & Casting facilities for the new alloys
(from 1 Kg — 20 KQ)

» Ar/air system, vacuum furnace, vacuum levitation furnace equipped with a
Copper mold-casting system for rapid cooling

ﬂmprovement of thermo-mechanical and thermal treatments\
through design in experimental equipment

e _ : ~ DESIGN THERMAL TREATMENT
> Dilatometer (to analyse the material behaviour and understand the

microstructure evolution during thermal treatment) TEMPERATURES

» Gleeble 3800 machine (thermo-mechanical equipment for physical TIMES
simulation of transformation processes and thermal treatments of metallic

materials) HEATING & COOLING RATES

\i > Furnaces and salt baths (to apply the thermal treatments) H STEPS
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HOW TO DESIGN AN ALLOY FOR SPECIFIC APPLICATIONS

EQUIPMENT

FEASIBILITY

LAB SCALE: Casting, Forging, Thermal Treatment

L'il

Vacuum levitation furnace

Cu mold casting Induction furnace Air/Ar
(rapid solidification) (10 Kg)
(1 Kg)

gth change (um)

c
@
3

300
v
250
200 /+
T
150
+
e
100 +
T
50
ar
0
0 200 400 600 .
Temperature (2C) Dllatometer

Salt bath installation

n " X e o {5 1“ “‘ -
I.'\‘.»’ _ O I fin =

Vacuum induction furnace (20 Kg)

Muffle-type furnaces
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HOW TO DESIGN AN ALLOY FOR SPECIFIC APPLICATIONS

PRE-
INDUSTRIALIZATION

PREINDUSTRIAL SCALE: Casting (Preindustrial level), Rolling into tubes, Thermal Treatment

a )

Melting & Casting facilities for the new alloys
(upto1T)

! » Pilot plant equipped with induction furnaces to melt & cast steelupto 1 T !

Improvement of thermo-mechanical and thermal treatments
through design in experimental equipment

‘ » Furnaces and salt baths (to apply the thermal treatments) \
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HOW TO DESIGN AN ALLOY FOR SPECIFIC APPLICATIONS

EQUIPMENT

PRE-
INDUSTRIALIZATION

PREINDUSTRIAL SCALE: Casting (Preindustrial level), Rolling into tubes, Thermal Treatment

Preindustrial / Pilot Plant (1 T)

Muffle-type furnaces

Salt bath installation
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HOW TO DESIGN AN ALLOY FOR SPECIFIC APPLICATIONS

INDUSTRIALIZATION

INDUSTRIAL SCALE: Casting (Industrial level), Rolling into tubes, Thermal Treatment (Industrial furnaces)
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HOW TO DESIGN AN ALLOY FOR SPECIFIC APPLICATIONS

REQUIREMENTS

DEFINITION

FEASIBILITY

PRE-

INDUSTRIALIZATION SRR RHCTERIZA IO

INDUSTRIALIZATION
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HOW TO DESIGN AN ALLOY FOR SPECIFIC APPLICATIONS

Composition
Microstructure
Mechanical properties

CHARACTERIZATION Creep Strength
Corrosion resistance
Weldability

Explore Design Validate treatments

Tests design
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HOW TO DESIGN AN ALLOY FOR SPECIFIC APPLICATIONS

DESIGN CREEP TESTS

Define a constant value for Stress & Temperature
according to the application targeted

CHARACTERIZATION

Collect the variation of Strain with Time
produced during the test

zln  ZwickRoell
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Sensors Development with the
Ability to Withstand Harsh
Environments

Dr. Andreas Pohlkotter (engionic, AIMEN)
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engionic Fiber Optics:

Point-by-point inscription of FBGs in glass fibers

Principle of the Fiber Bragg grating sensor

I X
illumination A

reflection

L

Details on measurement principle

transmission

e

P A

.
Ag . 2nA

Reﬂecited spectrum

¥4 ACHIEF
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FBG A

Strained/heated FBG

Fiber Bragg Gratings (FBGs) are optical reflection
gratings that are inscribed in optical fibers

A periodic refractive index change of the fiber core
with the distance of A leads to a formation of a
wavelength selective mirror at A=2*n*A in the fiber
core

Strain and temperature changes cause a change of
the grating period resulting in a change of the
wavelength AA which is quasi linear over a large
range

Whatever physical quantity impacts the fiber
expansion can be measured
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engionic Fiber Optics:

Point-by-point inscription of FBGs in glass fibers

CCD Camera

* Highly flexible point-by-point inscription without
:H .......................................................................... : phase mask allows writing of any wavelength

* Writing through the coating is possible due to high
transmission of typical coatings for IR light and low
Laser intensity at coating

attenuator

- H \\ * Highly flexible array configurations with distances
H \ between a few mm and several km in customized
fibers are possible

micro-objective

- Q L1 T R v B ) —»
From to
LED OSA

translation stage

< »
<« >

Schematic of point-by-point FBG inscription setup
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AIMEN:

Embedding glass fibres in HESA material

Temperature FBG sensor embedded
Silica fibre  Coating FBG sensor in the HESA material

To use the FBG sensor in high temperature industrial environments a lyer encapsulated

robust mounting system is needed.

Concept:
1. Removal of fiber polymer coating
2. Inscription of FBGs
3. Coating with metal
. Embedding within High Entropy Super Alloy (HESA) material

: Temperature FBG sensors \

For temperature sensing: optical fibre loosely mounted in tube
For strain sensing: optical fibre mechanically bonded to measuring object

Strain FBG sensor embedded
snum NI, Ptorcr  Micro-cladding In the HESA material

eudu cmmntsa
o[ M5 costing

- 0-@-

Schematic of sensor mounting in HESA material

Strain FOG sensors
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1. Removal of fiber polymer coating over long lenths

* Decoating of optical fibers over long length is difficult
Fume hood as the fiber is brittle without coating

Drying ~ Alcohol Bath ~ Water Bath ~ Acid Bath * An apparatus for decoating fibers by wet etching was
developed and set up

* First tests with polyimide-coated fibers were
successfull

* The apparatus can be used for different types of
coatings including metal-coated fibers with different
acids for decoating

Hot plate

Schematic of fiber decoating setup, microscopic image of processed vs. coated fiber
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2. Point-by-point inscription of FBGs in carbon- and metal-coated
glass fibers

FBGs can be inscribed in polymer- and carbon-
coated fibers without preparation

Carbon-coated fibers absorb much more light,
finding the core can be challenging

Carbon coating may be damaged during inscription

FBGs cannot be inscribed directly in metal-coated
fibers, coating removal (etching) is required
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st
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£
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st
=
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Photo of fibre
with coating

w
I ﬁ .

Polymer-coated fiber Carbon-coated fiber Copper-coated fiber Damage of carbon coating after FBG-inscription
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2. Point-by-point inscription of FBGs in carbon- and metal-coated

glass fibers

Gold-coated fibre . o . ) : .
* FBG |nscr|pt|on N Carbon- Carbon-coated fibre

coated fibers is working
well
* Inscription in metal-coated
fibers is more difficult and
time consuming
Tisa0 15 10 1555wave|2:'gtt)h [nm]15'65 1570 1575 1580 e Results show both coating N S

°T Copper-coated fibre materials are suitable for
7 sensing applications

Amplitude [dBm]
amplitude [dBm]
]

1550 1552 1554

so{Carbon-coated fibre -

Amplitude [dBm]
[dBm]

amplitude

T T T T T
1540 1545 1550 1555 1560 1565 1570
Wavelength [nm]

5 1500 15525 15550 15575 15600
wavelength [nm]
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Sensor characterisation

v FBGs are tested and optimised under high temperature conditions E
v Measurements show a good thermal stability at high temperatures g oo ” \\ ” \\
5
v Biggest issue still not resolved: Drift at high temperatures that gz / \ \
d ds on: — — —
epends on: gam
- fibre type S 200
- Inscription and annealing conditions o
-> Can potentially be modelled to compensate drift ° oo B s me

Extrapolated Modelled Drift

100 4 — FBG1

30 f 3 —— FBGZ

& 35 107 5 — FBG3
T
- = _a0 = 3
é -40 I ] g £ 10
y g 45 £ 10
£ { I £ -
5 a = 107% §
& -50 & o 5 ]
) |
= E
—55 ] -55 -6 ]
1077 4
Wi/ Von AV ‘s [ N
1077 o

1528 1530 1542 1544 1546 1558 1560 1522 1524 1526 1538 1540 1554 1556 ] : : : : : :

Wavelength [nm]  Wavelength [nm]  Wavelength [nm] Wavelength [nm] Wavelength [nm]  Wavelength [nm] 0 0 40 60 o 100

days @ 700°C
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3. Coating with metal

The commercial C-coated optical fiber has a coating layer of a few nm of thickness protected by a polymer. The
polymer doesn’t resist T > 350°C, and the C-coating layer is not resistant enough in an industrial environment (very
fragile). A metallic coating is needed to protect the (hermetic) C-coating layer. Ni is (a-priori) the best metal to re-coat
optical fibers.

Images of commercial C-coated optical fibres.
1. fibre with and without polymer coating.
2. SEM picture of cross section.

3. Carbon fiber with Ni-coating.
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3. Coating with metal

Metallic coating

* A metallic nickel coating is applied to the FBG
sensors using the electrodeposition technique

* FBG sensors are coated with different thicknesses
between 500 pm and 750 pm, to withstand high
temperatures

* Pictures on the right show examples of FBG sensors
and fiber optics metallized and some images taken
with magnification of their surface finish
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Sensor characterisation

Thermal Characterization 200°C - 800°C

Thermal fatigue tests
—— FBG_C 800°C
* An annealing process was applied above the cycle 201 — FBG_ENCE ‘
temperature and then cycled at the indicated temperature. — TG NIV
* Thermal test with the metal-coated FBGs were completed: A e e
—— FBG_Cul_a 00C
* Fatigue tests at 200/ 400/ 600 [ 800°C —— FBG_Culb ! n \
* 66 days under thermal fatigue, 40 days under stable T = W=
* The thermocouple showed noise for T > 650°C i“
3
5 -
*  FBGs manufactured in Au-coated optical fibers as well as
splicing standard FBGs to Cu-coated optical fibres showed
more stable and reproducible responses 0

-> A new and improved batch of metallic coated FBGs will be
thermally tested to compare results. New C-coated optical
fibers will be tested.

I
|

0 200 400 600 800 1000 1200 1400 1600
Time [h]
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Outlook: 4. Sensor embedding

Concept

* Laser Additive Manufacturing (AM) of the metallic-coated FBG sensors

* Embedding trials are in progress employing optical fibres with different Ni coating thicknesses

Some fibers with Ni-coating
to be embedded by AM.
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