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Objective/Vision

Develop a novel modeling approach, which can quickly design new
high performance structural alloys for the application of FE power
plants.

The long-term goal is to use the developed efficient hybrid
computational model to predict the composition range of the new
alloys with different elemental systems based on the specific
application requirement.

In addition, new high performance structural alloys are to be designed
based on the predictions from the model.
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Current Challenges for Ab Initio

The prediction reliability of DFT simulations at elevated
temperatures is still not comparable to which at OK

Supercell is needed DFT calculations for HEA.

DFT is mainly limited to certain equimolar stoichiometries.
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High entropy alloys
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High-entropy :
alloys ____.__ -

 High hardness and superb specific
strength

e Superior mechanical performance at
elevated temperatures

« Exceptional ductility and fracture
toughness at cryogenic temperatures

 High wear resistance

« Significant resistance to corrosion and
oxidation

-~ Metallic
O glasses .«
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Ashby map showing fracture toughness vs. yield
strength (Gludovatz et al.(2014))
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Stamless steel

Nickel alloys

Specific strength (MPa/ kg*m-3)

20 40 60 80

HEAs are among the materials with highest specific strength and with a wide range of Young’s modulus

100 120 140 160 180 200 220 240
Young's modulus (GPa)

Specific-yield strength vs. Young’s modulus: HEAs compared with other materials, particularly structural alloys.
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Target elements for HEAg
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The frequency with which elements are used in the 408 multi-principal element alloys (MPEAs). Al, Co, Cr, Cu, Fe, Mn, Ni and Ti are by far the

most commonly used elements
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Alloy Design Approaches
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High-throughput calculations High-throughput Density
of phase diagrams ‘ functional theory calculation
(HT-CALPHAD) (HT-DFT)
N /) NS /)
e N [ N ) | _
VEC-Composition HT-CALPHAD Compositions Generations of Calculations of Calculations of
generations Screening ra:gggegtmii'r'es Efr(‘)tr*r‘r?;?i)(’)r?f elastic properties
@ python™ | | Ahermo-Cale | | @ python’ (5Q9) ﬁ
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Good compositions screened by HT-CALPHAD

would be used to generate SQS structures
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Alloy Design Approaches

v HT-CALPHAD simulations

Predictions of phase stability in the Al-Cr-Co-Fe-Ni system with the HEA thermodynamic
database, down-selecting more than 3000 compositions(based on VEC phase stability criteria)

v' Special quasi-random structure (SQS) generation:

Binary, ternary and quaternary SQS structures for the random FCC, BCC and HCP alloys in
Fe-Ni-Co-Cr system were generated using the Alloy-Theoretic Automated Toolkit (ATAT)

v DFT

 Vienna ab initio simulation package (VASP)

« Generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional

 Cutoff energy 520 eV (700 eV for elastic properties calculations)

 Monkhorst-Pack k-point meshes with density not less than 1000 pra (7000 pra for
elastic properties calculations) (per-reciprocal-atom)
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Phase formation rules in HEAS

[Hume-Rothery rules] —> LVaIence electron concentration(VEC) ]

Formation of solid solution: Hume-Rothery electron concentration rule
1. Atomic size difference<15% Definite crystal structure will occur at a particular electron
2. Same crystal structure concentration
3. Same valence
4. Similar electronegativity o S
o 1 B2 0 55.Iaeti Fe=1s2 252 2p® 3s? 3p°®|4s2 3d°
(5 o 6
o Q b4
7 o 8 2
Qv @ oo @
P o 2 o 12 Py
® S © ¥4 | Vvalence electron concentration(VEC)
&
2
2

Reference: Mizutani U (2011) Hume-Rothery rules for structurally complex alloy phases. CRC Press, Boca Raton
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Phase formation rules in HEAS

[Hume—Rothery rules] ——> [Valence electron concentration(VEC) ]
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Journal of applied physics, 2011, 109(10): 103505.




NATIONAL
ENERGY
TECHNOLOGY
LABORATORY

.S. DEPARTMENT OF N

WENERGY T

&) Worcester Polytechnic Institute
Impact of phase formation parameters on
phase stabilities in HEAS
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Main conclusions:

VEC < 6.87, BCC stable

> S 6.87 < VEC < 8, BCC+FCC stable
VEC = 8, FCC stable
* Problems:
: ! Very limited experimental
A Q compositions
! o What is the role of temperature?
bcc bcc+fcc | fcc

| , How does it work in real case?

P U R S-S SR R R S R

50 55 60 65 70 75 80 85 90 95
VEC
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Al-Cr-Co-NI-Fe systems(transition from FCC to BCC)

Al,CoCrFeNi (0<x<6)
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[Results from Kao(2009)]
A—rfcc
O—fcctbcc
O—>bcc+B2

DSC and DTA
Measurement
[Results from Wan(2014)]

> — Solidus line

& — Liquidus line

VERY wrde range of Al composrtlons to choose (20~53mol. %) -TCHEA3 3

and deformed AIxCoCrFeNr (0<x<2) high- entropy aIons Journal of Alloys and Compounds 488 (2009) 57-64
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Al-Cr-Co-Ni-Fe systems(transition from FCC to BCC)

ooy TREIIIRT
Ul AN 12 G o ... o= BCC, o =ordered BCC |
JFCC (Wrall-clizpra) 30004111 5 _ o o d
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' 3
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References: Y.F Kao, T.J Chen, S.K Chen, J.W Ye. Microstructure and mechanical property of as-cast, -homogenized,
and -deformed AlxCoCrFeNi (0<x<2) high-entropy alloys. Journal of Alloys and Compounds 488 (2009) 57—-64
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Result and discussion

1. HT-CALPHAD simulations

1.1 Preliminary results of AI-Cr-Co-INi-Fe systems(2D screening) 4 : : t
! o
. I ¢ L+MUL LIqPId |
. . . % L+BCC
1800 - g/lhzllng point region of!BCC . : tIEg?FCC I L"‘BCC +.fCC
. = Nb multiphasé e wuL() 7
1600 - ’(\‘L 7 Y 5o | S Bo o K270
1 . . @ FCC(1) "
0] eesr,” 8 2R SO ipnonates™7 |0 RS '\ Fec
0] o0 f‘ : T\ il g FCC+BCO
1000{ oo ® ‘e 00 - I
o ° | Fec . we o : & SingleFCC phase -
H. 8001 . oappearSJ'.‘ % * _  appears .
600__ . “_:"ogoo !.‘ °® X . MUL l
400 - I I % N— :
200 - l I 4 ;
. : : [Bcc
0. | I i FCC+BCC | MUL
200 . . : — , —1 . , I I
5 6 7 8 9 I 1 | 1 l| g
VEC 5 6 =7 8
41 compositions are generated and calculated VEC
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1. HT-CALPHAD simulations

1.2 Preliminary results of Al-Cr-Co-Ni-Fe systems(3D screening)
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15[[0- 1600‘ o Highest_Temperatures
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I Rotate counterclockwise

Temperature range of FCC phase

3312 VEC-ComEositions are calculated

Temperature range of BCC phase
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1. HT-CALPHAD simulations

1.2 Preliminary results of Al-Cr-Co-Ni-Fe systems(3D screening)

Highest_BCC_temperatures(C) Highest_FCC_temperatures(C)
8.5 1730 1730
- 8.8 -
8.0 1 1514 A 1516
- 8.6 -
7.5 - 1298 1303
o~ ~~ 84 =
E 1081 (E 1089
7.0 - =
~ o — ~
26.5- f:'__a, — 865.0 > 875.0
2] —— » 8.0 -
g = 648.8 c . 661.3
0 6.0 . o
1 ' 4325 o 4475
5.5 - =
, 7.6
7 216.3 233.8
5.0 - 1
. . . i . . . 0.000 744 . : , : i | . : 20.00
50 55 60 65 70 75 80 85 75 8.0 8.5 9.0 9.5
VEC VEC
Temperature-density-VEC diagram of BCC phase Temperature-density-VEC diagram of FCC phase
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1. HT-CALPHAD simulations

1.2 Preliminary results of Al-Cr-Co-Ni-Fe systems(3D screening)

AT(C)-BCC AT(C)-FCC
8.5 7 1730 88 1480
8.0 1514 1 1296

] 8.6
7.5 - 1298 1111

9 5%

€7 1081 g 926.9

; 6 865.0 > 742.5

3 B 8.

% 648.8 5 J 558.1

A 6. 0

7.8
4325 373.8

>0° 7.6
i 216.3 189.4
5.0_- 0.000 74 : 7z . . . 5.000

50 55 60 65 70 75 80 85 7.5 8.0 8.5 9.0 9.5 10.0
VEC VEC
AT-density-VEC diagram of BCC phase AT-density-VEC diagram of BCC phase
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Special Quasi-random Structure
What is Special Quasi-random Structure(SQS)?

small-unit-cell periodic structures in random substitutional alloys

a (,; ﬂ_@ﬂ_@ b ' @& & ' c g{::_g_p
S>> so0000 3°s%e%e’s
C Y poood goeey
"‘B”L oooapﬂf goeeg -
PP PP, . oo @ b @ O @ o @ °

FCC BCC HCP

Fig. The input unrelaxed atomic structures of 64-atom quaternary SQS

Why do we introduce SQS concept?

SQS can be regarded as the best possible periodic unit cell representing a given
random alloy.
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SQS generation

1.Cluster Expansion

L O O
0 9O O

M = is the number of atomic sites in the parent (e.g. unit) cell
o = configuration or structures

Ns = number of configurations or structures

a = symmetrically distinct clusters

J«= effective cluster interaction

[T a= Correlation matrix

E(o) = energy of configuration o

Quadruplets
_ Pairs
Triplets Random structures have lower energy of configuration!
E(0y1, 02, 03 ...0n) = YoM Jo [1a(6) = 2ijyMij Jij616] + Xigijiy Mijie Jijre 018 8k+ Xy Mijier Jijri 616j6kSL + -+
[e(6) =~ Tpe, 115, Vo
: NgMq “P=a i 0T All of the pairs All of the triplets Al of the quadruplets

2%s"  R3  33 o
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SQS generation
2.Correlation function

‘/' ‘ Sec&?’('e onber ‘/‘ “/—‘—% The more atoms match the

correlation function,
we could get more random
SQS structures

Seqond neare ghbor

'}I.": ______ A
First nearest nelghb ! First nearest heighbor

/.’r t) Q/"g/.’_

Number of points

Second nearest neighbor First nearest neighbor ]
FCC BCC HCP considered for cluster
Example: Fe3Ni(only consider pairs) _ . expansion
ideal mismatch SQS1  SQS2 BmarY' .
Substitutional model= A;_,By

21= 0.25 0.25 0.25 . . =
1] SOS1 is more Ideal correlation mismatch ={TT; ,,) g =(2x—1)
| |22= 025 025 025 andom than SQs2 A=0.5B=0.5 ideal mismatch=0

23= 025 0.25 0.458 A=0.75 B=0.25 ideal mismatch=0.25
—~ A=0.66 B=0.33 ideal mismatch=0.1111

24= 0.25 0.25 0.333
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SQS structures: od®| 1 &0 Seh
BP. oo °%o
‘ | | 'l
v" 16 and 32 atoms per unit cell for 29 9@0(:\ c%)o() o
. | | | | ' :
) binary systems | <jg°; <\ L L 1\_{;@;
32 atoms per unit cell for ternary Fe0.25Ni0.75  Fe0.50Ni0.50  Fe0.75Ni0.25
systems
32 atoms FCC ternary 32 atoms FCC quaternary

v 32 and 64 atoms per unit cell for
guaternary system

v 200 atoms per unit cell for quinary
systems

Atomic arrangement tested:

Face Center Cubic structures(FCC)

Body Center Cubic structures(BCC)

Fep25Cro.25C0g 25Nig 55
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. Elasticity constant(DFT calculation)
Feg 25Nig 25C00 25Cr g o5 alloy

V, A3/atom Method | Reference

11.05 DFT This work (64 atoms SQS)

11.09 DFT This work (32 atoms SQS)

11.19 DFT Gao et al. (2017)

11.27 EXP Y.-F. Kao et al. (2009)

11.37 EXP G. Laplanche et al. (2018)

11.57 EXP B.Liu et al. (2016)

Average properties (hnumbers in parentheses are for 32 atoms SQS structure)

A;I;I]‘zrgri]relg Bulk gwggulus, Young'é Lnaodulus, ShearG rrFl)(;dulus, et
\oigt KV(1:5%37)'0 EV(ZZ?‘LE;'O Gy = 97.6 (99.9) "V(O:_ 20;3,?32?4
P v LV S A s

il Csee  base  GnTETSE0 Yigang” 32 atoms SQs cel
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alc:ulated3 glastlc property: Feg,:Nig-:C0q5:Crg oz

O
90
<

280 - [CJHuang(CPA) [JTian(calc)
260 - [CJHuang(sQs)
fca'\ 240 = B 0 4
D. 220 _- Zﬁ]igt\?vrgri)SQS%Z atoms SQS(this work) o
o [CJLaplanche(exp) —
t 200 i Eﬁﬁ?@%ﬂ [JHuang(CPA) E
> | %)
o) 03 €
O 180 - (@)
E - O 64 atoms SQS(this work) zﬁigt\?v':ri)st nE ) | g
9 160 - . 32 atoms SQS(this w0r16
4(75 . *32 atoms SQS(this work) Laplanche(e p) o
u_cg 140 - [CJLaplanche(exp) -
. -4 0.2
120 - 1
i [JHuang(CPA)
100 - [JHuang(sQs)
- 64.atoms SQS 2 atoms SQS(this work)
80 _ (this work)- Wu(exp) i
0.1

Bulk Young's Shear Poisson's
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Main Conclusions

1. The high-throughput CALPHAD approach shows the capability of the simulation of
phase stability on Al-Cr-Co-Ni-Fe systems.
« BCC structures have higher solidus temperatures and single phase temperature
ranges when VEC is between 5.5 t0 6.5
« FCC structures have higher solidus temperatures and single phase temperature
ranges when VEC is larger than 8.0
2. The calculated elastic properties of generated SQS structures show good agreement

with the experimental data for the Fe-Ni-Cr-Co quaternary system.
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Fe-Ni system:16 atoms vs. 32 atoms per unit cell(FCC)

H = E(A;_,B,) — [(1 — X)E(A) + xE(B)] 1
\ / | e N Ref.state is FCC
o Energy of pure A ~ 7
Enthalpy of MiXing £nergy of SQS structures Energy of pure B

Pandat FCC
-2 16 atoms SOS

€0.75Nlg 25

Enthalpy (KJ/mol)

-8 |- Feo.25Nig 75
16 atoms 32 atoms . I . ! : | . !

unit cell unit cell 0.0 0.2 0.4 0.6 0.8 1.0
X(Ni) (mol%)
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S11] C11 C12 C13 €1y Cys Ci6] [ Eqq ] E——Green-Lagrange strain tensor
C C

S22 C21 €2 Ca3 Caq Co5 (26| | Epa S— Calculated stress tensor

5 = Es S33| _ [C31 C32 C33 C34 C35 C36| | E33 C o Elastic tensor

— . — .—Flastic

523 Cy1 Cap Cu3 Cyy Cyus Cye| |2E3 ! |
S13 Csy; Cs; Cs3 Csy Css Csel [2E43 s;——Compliance tensor
S12l LCe1 Cez Cez Cos Ces Ceel L2Eq2]l 55 =t

Bulk modulus Voigt average(K,)) Shear modulus Voigt average(G,))

9Ky = (C11 + C2 + C33) + 2(C12 + C23 + C3q) 15Gy = (€11 + €23 + C33) — (€12 + €23 + C31) + 3(C4q + Cs5 + Cp)

Bulk modulus Reuss average(Kg) Bulk modulus Reuss average(Gg)
KLR = (511 + S22 + 533) + 2(S12 + S23 + 531) ;—i = 4(511 + S22 + $33) — 4(S12 + 523 + 531) + +3(544 + S55 + Se6)
Bulk modulus Hill average(K,,) Bulk modulus Hill average(G,,)
2Ky = (K + Ky) 2Gy = (Gg + Gy)
Young’'s modulus(E) Poisson’s modulus(p)
E=2G6(1+p) p= 3K -26)/(6K + 2G)
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