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Alloy thermodynamics

Spinodal decomposition Single solid solution
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Metastability high entropy alloy design £ 238G

Mechanistic alloy design Mechanistic High-entropy alloy design
high-ent i
Mechanism selection '9 e(r;er:i)gr)‘/ ey Compositional tuning
* Twinning » Stacking faults
_* Martensite Mechanical Metastability » Spinodal |
* Precipitates Chemical Metastability » Mishit
Effects Effects
e TWIP r , * Cottrell clouds
e TRIP  TWIP HEA » Stability by entropy

* Multiphase o IRIP HEA
e Ultra fine grained * Spinodal HEA ‘
» Maraging HEA

* Massive solid solution
® Dislocation decoration
* Gibbs segregation

* Dislocation patterning

* Nano Ereciéitates I } e Metallic glass HEA < * |[ntermetallics
* Phase metastability ¢ Interstitial HEA * Suzuki effect
* Metallic glass ® Dual-phase HEA * Precipitation
* Interstitials * Microalloyed HEA

* Spinodal

* Maraging

George et al. High entropy alloys, Nat. Rev. Mat. 4 (2019)



Dislocations and strain hardening
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& true strain
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Raabe et al. Metastability alloy design, MRS Bull. 44 (2019) 266-272



Dislocations and strain hardening

martensite /
twinning
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Dislocations and strain hardening
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Metastablility Alloy Design

Mechanical Metastability metastable

AG
Chemical Metastability
\'/ stable

AG C,p
metastable

¥ W

stable




Mechanical Metastabillity

Athermal transformations not affine,
not commensurate -
high misfit deformation

martensite
Multiple strain hardening effects S

austenie




Mechanical Metastabillity

Confined at lattice defects

Chemical and structural size
effects

Size effects in the bulk

All for free and self-organized
Thermodynamically tuned




Role of the stacking fault energy

lower SFE

>

high-Mn (15-30%), HEA

v (fcc) cells — vy (fcc) planar — vy (fcc+orde5 planar — vy (fcc+twins) — ¢ (hcp;—> a’ (bcc/bet)

S — —

S

high-Mn+Al

SGTE Database  AGY—% >> ()

/4

Manganese content [wt.%]

0.24 0.48 0.72 0.96 1.20

N/
N

Carbon content |wt.%]|

Critical stress for

— —

medium-Mn (5-12%)

twin growth:
\ Vst 3Gbs
Te =3 I

v

Critical stress for e-martensite growth:
Te - +
Us

LO 363

Steinmetz et al. Acta Mater 61 (2013), Wong et al. Acta Mater 118 (2016); D. Pierce, Acta Mater 68 (2014) 13
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Electron Channeling
Contrast Imaging ECCI

I 11 VvV VI IX XI XII XV

Enumeration of interspacing

Yao Acta Mater. 106 (2016) 229; Welsch (2016) Acta Mater. 116, pp. 188
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Role of the stacking fault energy

Stacking fault energy =

_ Dislocation cell structures

Bidirectio

Raabe et al. Metastability alloy design, MRS Bull. 44 (2019) 266-272



Dual phase high entropy alloy
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Dual phase high entropy alloy - ERIAOS

26 (%)
40 60 80 100 120 Fegy..Mn,Co,,Cryg
3- L
s 0
>
g3 | . . «:FCC
£ : l 1 o +:HCP

high-entropy alloy

0
(45%Mn) TWIP

high-entropy alloy TRIP
(40%Mn) high-entropy alloy
(35%Mn) dual-phase
high-entropy alloy

grain-scale compositional homogcnolty (30%Mn)

Mn
2 homogeneous solid
ZJ8  solution HEA phases

Y. Deng et al. Acta Mater. 94 (2015) 124
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Dual phase high entropy alloy - BRI

’?'..

ACP 38% 4

4 ‘::_':0

800

]

| Fe,,Mn,,Co, Cr,, (FCC+HCP)

600
“Fe,Mn,Ni,,Co,.Cr,, (FCC)
(Gludovatz, et al., Science, 2014)

400 g=(1-100)¢

Fe, Mn, Co.Cr, (FCC)

’
GS~90um

200

Engineering stress (MPa)

| Dual phase high entropy TRIP alloy -

0 20 40 60 80 T igonm - ¥ o 265%
Engineering strain (%) Z. Lietal Nature 2016

Z. Li et al. Acta Mater. 136 (2017) 262, D. Ma et al. Acta Mater, 100 (2015) 90, Z. Li et al., Nature (2016)



« Fe50Mn30C010Crl10
« STEM-EDS / APT / z-contrast: both phases chemically homogeneous
« SAED: <11-20> ¢ //<110> y; {0001} € //[{111} y

Lu, et al. Adv. Mater. 2018



Nano-y lamellae in € under load
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Z. Li, et al. Nature 2016; W. Lu, et al. Adv. Mater. 2018 23



HCP—Nano-FCC:
BCBCBCBCBCBC
1 BCBCABABABAB
:zBCBCABEXgACA
3 BCBCABCABCBC

R. Bauer, et al. Philosophical Magazine, 2010.

HCP—Nano-FCC:

BCBCBCBCBCBC
1 BCBACACACACA
> BCBACBABABAB
3 BCBACBACBCBC

H.T. Wang, et al. Scripta Mater, 2018.

Deformed sample (twin relation)
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 Linear features in
both the € and y

blocks (DF-TEM)
SFs (y nano-
lamellas): 87.6+5.4
nm
Thermodynamic
stable at RT

Z. Li, et al. Nature 2016; W. Lu, et al. Adv. Mater. 2018 26



In-situ LAADF-STEM reverse transformation (e — y) (. (& 51 3E3C

Increasing s
Stage 2

a7

W. Lu et al. Adv. Mater. 2018



Effect of Hydrogen: equim.-FeNiCrMnCo £ 1 38O

i\ \J

— CoCrFeMnNi HEA P H3 .
e : © : #3
S 500 : s |
O N~ S o S ~ #2
@ 400 # 550 X .
5 %
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= #1 without hydrogen | = 500+
8 200 #2 12 h pre-charged & in-situ (15 mA+cm’) 8
a #3 72 h pre-charged & in-situ (25 mA+*cm’) E
€ 100§ #4 240 h pre-charged & in-situ (100 mA+cm’) 4 Strength increase
w 8 Ductility increase
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H. Luo et al. Materials Today 21 (2018) 1003; H. Luo et al. Scientific Reports 7 (2017) 9892



Metastablility Alloy Design

Chemical Metastability

AG
metastable

¥ %

stable
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| YEARS 197~20)F

Interface co-segreation in FeMnCrNiCo

Analysis perpendicular to grain boundary
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Otto et al. Acta Materialia,112,,40-52,2016; L. Li, Z. Li, A. Kwiatkowski da Silva et al. Acta Materialia 178 (2019) 30
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Decomposition of the single-phase high-entropy alloy CrMnFeCoNi
after prolonged anneals at intermediate temperatures
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Ongoing work, Li, Gault; see also Otto et al. Acta Materialia,112,,40-52,2016
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Interface co-segreation in FeMnCrNICo 5 3RO
450°C, 6h Analysis inside grain boundary plane
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L. Li, Z. Li, A. Kwiatkowski da Silva et al. Acta Materialia 178 (2019)



Interface co-segreation in FeMnCrNiCo [t 1388

20 .
Z-concentration 20 Z-concentration
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Ni in GB plane, 450°C, 6h Mn in GB plane, 450°C, 6h

L. Li, Z. Li, A. Kwiatkowski da Silva et al. Acta Mater. 178 (2019); A Kwiatkowski da Silva et al. Acta Mater. 168 (2019)



Defect decoration & thermodynamics

1. GB is NOT part of equilibrium, it is frozen in
2. BUT local composition / segregation is in equilibrium (Gibbs isotherm)
3. YET, segregants can interact (Fowler & Guggenheim, Hart, Guttmann isotherms)

‘Heterogeneous’ nucleation:

» Different compositional equilibrium working point
 Different driving force

« Different interface energy (isotherm)

» GP-like precursor states or other...

Kuzmina et al. Science (2015) 80; Kwiatkowski da Silva et al. Acta Mater. 168 (2019); Acta Mater. 124 (2917); Nat. Com. 9 (2018) 34
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Bulk spinodal: tuning for ferromagnetism

FelSCO 15Ni20|\/|n20CU30

Cast

Homogenization
(1000 °C 24h)

Anealing
(600 °C 2h, 6h, 24h)




Bulk spinodal: tuning for ferromagnetism £ 3800

Temperature, in-situ heating

2 min 2 min
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FeCoNiMnCu annealed at 600°C for 6 h © 1 I0C
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FeCoNiMnCu annealed at 600°C for 6 h « 1300
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20 nm
[

|Iso-surface:
50 at% Cu
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Annealing time
24 h
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FeCoNiMnCu annealed at 600°C - BNEEE
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Message & Conclusions

« Metastability alloy design (displacive,
spinodal)
@ * Multicomponent thermodynamics, also at
| confined scales

Combine mechanical properties with
magnetism, corrosion, H-resistance,...
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