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Use case for Al designed alloy

Inserts (stars) (ARCELOR MITTAL)

—> Main goal : to decrease repair damaged and cooled water consumption by
improving high temperature strength and creep resistance in tunnel furnace

Shaft
K ) ) | Furnace
=8 — ST T35 -
= S ==
Metallic insert (“stars”) used 1, Interior ring inside the tire

to fasten the interior rings
inside the tires

Worn surface at the inner side of the
interior rings inside the tires

Crack formation in the metallic inserts (“stars”)
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High Entropy Alloys (HEAs)/ Complex Consentrated Alloys (CCA)

Class of materials containing more than 4-5 AR AR AN KAl A
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 '.'.‘.’.’.’.’.‘.‘.'.‘.’.'.’ '.'...0.'.0.0:. .0.'.°. o
solution (SS)., intermetallic (IM), amorphous 0.0.0.0.0.0.0.0.0:.0.0 0.0:.0...0. :.o.o:.o
(AM), or a mix of them. cocccccoce 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.
e 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/CCA 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
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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.

m  After trained, the model can generate synthetic samples, based on the features (design parameters) learned from the
real samples.
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Developed dataset

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

Based on literature a dataset was created.
1. 15 features (in the table)

2. Number of elements

3. Phase (amorphous, intermetallic, solid
solution, and a mix of intermetallic +
solid solution)

4. 78 chemical elements with their
corresponding concentration
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Features Equations

Mean atomic radius a= 2 G-

Atomic size difference T2
o E (o))

Average melting temperature T = 2_iCi - T

Standard deviation of melting temperature

Mixing enthalpy
Standard deviation of mixing enthalpy

Mixing entropy
Electronegativity
Standard deviation of electronegativity

Valence electron concentration
Standard deviation of VEC

Mean bulk modulus
Standard deviation of bulk modulus

Young modulus

Shear modulus
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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 |
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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 |
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Screening for simulation

Periodic table of the elements .
* Initial approach:

[] Akali metals [[] Halogens
B group [] Alkaline-earth metals [] Noble gases ° 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 rem OVEd
. 2 [J oth tals [] Actinoid elements ik SR (e

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

11 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|V|cr|Mn|Fe|Co|Ni|Cu|zn|Ga|Gel|As]|Se|Br|=r

37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
*|Ro|sr| Y |2z |Nb|MoFFe|Ru|Rh|Pd Ag |Cd | In [ Sn [ Sb | Te | | |[=X=

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

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 71

Ce | Pr |Nd [P |Sm | Eu ([Gd [ Tb [ Dy [ Ho | Er [ Tm | Yb | Lu
a1 92 93 94 95 96 97 98 99 100 (101
actinoid series 7 ge

102
T Pa U Np T Pu AT Cr Bk CiEs— P ividNo Lt

lanthanoid series 6

*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.

[] Akali metals [[] Halogens
B group [] Alkaline-earth metals [] Noble gases ° Radioactive elements removed_
E’_ L [] Transition metals [[] Rare-earth elements (21, 39, 57-71)
d lanthanoid elements (57-71 only)
1 , [ othermetals e e Eemen o « Rare-earth elements removed.
3 4 [C] Other nonmetals [] Actinoid elements
?|—Li-| Be * Toxic elements removed.
1 12
3 .
Na/Mg) s 4 S5 6 7 8 9 10 10 12 * Expensive elements removed.
p 19 20 21 23 24 25 26 27 28 29 30
—K—|Ca|Se—| Ti | V|G |Mn| Fe |[Co | Ni | Cu |-2Za .
5 18 o To T2 T e Tes Tae 1o Taa * Elements with T > 2000 °C removed.
® Ro-S—v—Zr—NiWMo—Fc—Ro—Rir | Pd Ag | €d ) ]
5% [s6 |57 [12 |73 |74 |15 [6 |77 [ |79 |80 * Atotal of 19 chemical elements remained.
®|es | Ba |ta|HFa-W—ReOs—i—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
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 -
Hnold serles 7 90 91 92 93 94 95 96 97 98 929 100 [101 |102 (103
ACUNOIASENes 1| Py ——Pa——g—Np—PuTAm G Bk —Cf s FmMdNo——tr 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 prior experience on suitable materials for the use case, 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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AlB2CoCr4.5FeMoNNiSn3TiV

Evaluate GAN results

Only one new alloy will be produced
« Used TC (and prior experience) to evaluate the
GAN results 2 some elements are not in
relevant database (TCHEA4) thus alloys needed N N
to be neglected or modified AT — "
« Fast screening of candidate by verifying the B and C only as minor alloying elements
. . . » Co expensive (and health issues)
SOIldUS/IlCIUldUS temperatures «  Exclude compositions with too low solidus and liquidus
Neglect alloys with elements with too high liquidus -> not

« Phase equilibrium diagrams messy in many | manufacturable with current means
aIIOyS 9 presence O.I: Wanted phases? oueo- (Al, B, C, Co, Cu, Fe, Mn, Ni, Si, T1, T_liquidus, T_solidus)

Outf631) MatrixForm=
(0.25, 0., 0., 0.25, 0., 0., 0., 0.25, 0., 0.25) 1812.72 1694.57

{0.25, 0., 0., 0., 0., 0.25, 0.25, 0., 0., 0.25} 1676.6 1602.61

{0.222222, 0., 6., 0.222222, 0., 8.222222, 0.222222, 0.111111, 6., 0.] 1776.91 1602.4

{(0.25,0.,0.,0.25,0.,0.,0.,0.25, 0., 0.25} 1812.72 1694.57

{0.125, 0.375, 0., 6., 0., 0.1875, 0.1875, 0., 0., 0.125)} 5398.68 1680.49

At% At% {0.06830565, 0., 0., 0.415282, 0.6332226, 0.468439, 0., 0., 0., 8.}  1692.77 1669.86

; Nd TCHEA4 - {0.0322581, 0.903226, 0., 0.0645161, 0., 0., 0., 0., 0., 0.} 2298.85 1625.04

Nd Ti Al Cu Mo no In Ti Al Cu Mo (6.138889, 0., 0.0277778, 0., 0., 0.277778, 0.277778, 6., 0., 0.277778) 4824.59 1612.48

T (0.25, 0., 0., 0.25, 0., .25, 0., 0.25, 0., 0.} 1779.37 1684.37

222 | 222 (222 (222 | 111 286 | 286 | 286 | 14.3 {6., 0., 0., 0.222222, 0.222222, 6.222222, 6., 0.333333, 0., 0.} 1664.51 1609.29

(0.222222, 0., 0., 0.222222, 0., 0.222222, 0., 0.333333, 6., 0.) 1733.83 1633.74

{6.25, 0., 0., 0.25, 0., 0.25, 0., 0.25, 6., 0.} 1779.37 1684.37

{06.243%02, 0., 0., 0.243902, 0., 0.243902, 0., 0.243902, 0.0243902, 0.} 1770.58 1610.74

{6.25, 0., 0., 8.25, 0., 6.25, 0., 0.25, 0., 0.} 1779.37 1684.37

{0.25, 0., 0., 0.25, 0., 6.25, 0., .25, 6., 0.} 1779.37 1684.37

{6.25, 0., 0., 6.25, 0., 6., 0., 0.25, 0., 8.25)} 1812.72 1694.57

. (0.142857, 0., 0., 0.285714, 0., 0.285714, 0., 0.285714, 0., 0. ) 1648.31 1637.36

CHIEF The project has received f {8.25,0.,0.,0.,0.,0.25, 8.25, 6.25, 0., 0.} 1901.11 1610.97

A ; : (0.176471 ©.235294, 0.235294, 0.235294, 0.117647 2001.51 1654.5
research and innovation p A e ae J , » )

(#note from above, there are some rather decent ones which comprise of cheap elements, i.e., Al, Fe,Mn; with Ni-Ti«)



Candidate alloy

Component Mole Fraction Mass Fraction
10 Al 0.14286 0.07216
= BCC_B2#2 ORD (NIFE.COAL AL FE CO NIVA)
— FCC_L1Z ORD +DISORD (COMNIFEN FECOVA) Co 0.28571 0.31522
*¥| = vavo wareco Ni 0.28571 031392
= FCC_L12#2 ORD (NLAL FEVA) | . .
TR Fe 0.28571 0.29871
Ve
. ity 3
g Thermal treatment aim Density: 7830 Kg/m
£ 0s to form 3-4 phase alloy: —
g Y, Y’ + BCC(, BZ) — LU +BOC_BI +FCC_LIT
5 0.5 13720
E 1370.0
£ o4 - 1sttreatment at 5
s os >1000°Ctogety,y ™
“ structure - 600°C to %“ N
02 form B2 precipitates = = 7
g +  Similar high \
h strength alloy 500
uﬂD ZI;II il;‘ﬂ El;ll EI;D 1!'.|-ﬂll 12;:“1 14.l'.|ll 1600 found from 13“'0:!.9 0.1 0.2 03 04 05 06 07 08 0.9 |In
A Temperature [°C] literature Mok ractonefsee
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Virtual microstructure: Workflow

Reduced
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605
grains

= 0
I \ -

Geometry module

605 Representative

grains

volume element

Probability (-)

5 10 15
Grain aspect ratio (-)

0.4

0.35°

f=}
w

)

0.25 -

o
[N)

Probability (
©
=
w

<
-

0.05 -

L
0
A( :H I EF 0 20 40 60 80
% Grain equivalent dia. {micron)

lon’s Horizon 220

research agfd innovation pNgram under Grant ement N° 95837




% - o~ AT el _ . - YW A TN

Microstructure

High entropy alloy material

Process models (manufacturing,
e.g,. AM)/Characterization

Alloy design

Dislocation slip Deformation twinning

e-martensite (HCP) »
. HCP slip + HCP twin
B : 7 . s

HCP cleavage damage @& BCC cleavage damage

- o - -

Crystal damage

Porous crystal damage Cleavage type FCC

Material
performance
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Dislocation based crystal plasticity model for HEA

Dislocation based Crystal Plasticity - Temperature effect - Single crystal [001]
1.6e+09

T T T T T T T Dislocation based Crystal Plasticity - Grain size effect - Single crystal [001]

T=123K

1.8e+09 T
T=2UMK —
1.4e+09 | - ©=5umk ——
168409 + gs=20um ——
%=80um ——
12e+09 | . L4et09 -
leras | | 128409 |
. 1e+09 |
- Temperature decreases flow |
» stress D gers |
6e+08 - s |
42408 4p+08 . .
Grain size effect
26+08
rests Temperature effect
0 Il Il Il Il Il Il Il Il Il
¢ 0 0.05 0.1 0.15 0.2 0.25 03 0.3 04 045 05
0 | | | | | | | | |
0 0.05 01 015 0.2 0.25 03 035 0.4 0.45 05 St
Strain

Smaller grain size increases flow
stress
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Example of microstructure design: load carrying

capacity

Two effects : i) microstructure morphology becomes more
distorted and pancake like, ii) strengthening/hardening due
to smaller microstructural features

Cumulative

+45942.01
+3.0000.0

plastic slip

[1.E8]
0.00 4

-n1n .
. . . . E
prior austenite ratio relative E __
to reference: % l approx_ 6 um
o : 13
2 om . heavy
Q_ ! -
) =2 ; abrasion”
Deformation and thus iy b/
most likely wear ;
mechanism or appearance 040 : : :
changes : Difference in load
] carrying ~ 80%
276&3: Egg;g;é%i -0.50% : L 1
3 250601 3380561 o 10. 20 30.
gs e Scratch length [s/10]

Distorted structure with high prior austenite grain
aspect ratio:

1) Slip resistance greater due to morphology,

2) Maximum slip localized to smaller material volume,
3) Hardening increases load carrying capacity.
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