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Materials Discovery at NREL

e promising ..
X

thin films ®

photovo!taics

o

g expenment management

i BTN
§ [ &
5 public |
SQ‘?QJ 77 HT[m access g\“(\}ob T
P sjeipyews 93

LiNREL

Transforming ENERGY



Materials Discovery at NREL
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Materials Discovery at NREL
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Materials Discovery at NREL
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Each EV needs ~2 kg of permanent magnets
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Each EV needs ~2 kg of permanent magnets - massive demand
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Each EV needs ~2 kg of permanent magnets - massive demand
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Magnets need high magnetization
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Magnets need high magnetization, coercivity

M (sample magnetization)
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Magnets need high magnetization, coercivity

M (sample magnetization)
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Magnets need high magnetization, coercivity

M (sample magnetization) B (magnetic flux density)
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Magnets need high magnetization, coercivity, magnetic energy density |BH)|, .,

M (sample magnetization) B (magnetic flux density)
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Magnets need high magnetization, coercivity, magnetic energy density |BH)|, .,

Figure of merit L~
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Nd,Fe,,B is the leading magnet for EVs

Rom, Smaha, O’Donnell, Dugu, Bauers, MRS Bulletin, 2024, doi: 10.1557/s43577-024-00743-4
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Nd,Fe,,B is the leading magnet for EVs, Sm-Co are pricier alternatives
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Established PM materials rely on critical materials
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Established PM materials rely on critical materials

Prices from: Fortier, N.T. Nassar, W.C. Day, J.M. Hammarstrom,
R.R. Seal, G.E. Graham, G.W. Lederer, Min. Eng. 75(5), 30 (2023)
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Established PM materials rely on critical materials

Prices from: Fortier, N.T. Nassar, W.C. Day, J.M. Hammarstrom,
R.R. Seal, G.E. Graham, G.W. Lederer, Min. Eng. 75(5), 30 (2023)

&I 1(|J3 10% 105 106 107

25

| 2050 Net-Zero Emission Scenario
140 A

: commodity cost ($/tonne)
120 - 20

100 A
| 15

80 -
] 10

60 -

40 A

Vehicle sales (millions, IEA estimate)

Magnet mass needed for EVs (10 metric tons)

20 A
0 0
2020 2025 2030 2035

LiNREL

Rom, Smaha, O’'Donnell, Dugu, Bauers, MRS Bulletin, 2024, doi: 10.1557/s43577-024-00743-4 Transforming ENERGY



Emerging PM materials rely on non-critical materials

Prices from: Fortier, N.T. Nassar, W.C. Day, J.M. Hammarstrom,
R.R. Seal, G.E. Graham, G.W. Lederer, Min. Eng. 75(5), 30 (2023)
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Emerging PM materials rely on non-critical elements

Emerging materials
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Sm,Fe,;N, relies on non-critical Sm and Fe

Emerging materials
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Sm,Fe,;N, relies on non-critical Sm and Fe

Upper limit (BM), .., = V4 HoM?
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Sm,Fe,;N, relies on non-critical Sm and Fe
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Sm,Fe,;N, relies on non-critical Sm and Fe

Upper limit (BM)pay = Y4 HoM2  # T g5™™ ——— Mg g™
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Sm,Fe,;N, relies on non-critical Sm and Fe
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Sm,Fe,;N, relies on non-critical Sm and Fe
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Fe,sN, has unusually high M,
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Fe,sN, has unusually high M,

T Fe1gN> (130 MGOe upper limit)
Emerging materials
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Fe,sN, has unusually high M,

T Fe1gN> (130 MGOe upper limit)
Emerging materials
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Fe,sN, has unusually high M,

T Fe1gN> (130 MGOe upper limit)
Emerging materials
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Fe,sN, has unusually high M,

T Fe1gN> (130 MGOe upper limit)
Emerging materials

N changes charge distribution, strengthens magnet
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L1, FeNi has high H, if ordered

T Fe1gN> (130 MGOe upper limit)
Emerging materials
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L1, FeNi has high H, if ordered

T Fe1gN> (130 MGOe upper limit)
Emerging materials

60 4 Sm;Fe;7N3 (upper limit) - 500
IR 6. i iffp';;e'r- I'ih'wit') ....................
50 1 EV motor [ 400
i ] maximum >
8 40 - op. temp. I
= - 300 3
> =
£ z
% F616N2 - 200 Bw
= 20 A —
SmyFe;7N - 100
10 - 2re17N3
L1, FeNi —
0 L R B L L L A L L B 0
0 50 100 150 200

Temperature (°C)

Lewis, Pinkerton, Bordeaux, Mubarok, Poirier, Goldstein, Skomski, Barmalk,
IEEE Magn. Lett. 5, 5500104 (2014).

Rom, Smaha, O’Donnell, Dugu, Bauers, MRS Bulletin, 2024, doi: 10.1557/s43577-024-00743-4

S=1.0
P4/mmm

33!

L1, Fe

Easy Axis

LiNREL

Transforming ENERGY
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L10 FeNi has hlgh HC if ordered S=05 S=10
P4/mmm P4/mmm
T Fe1gN> (130 MGOe upper limit) Fe
Emerging materials ")
60 . Sm2FeurNs (vpperlimit) . 900 <
............................................. >
L1o FeNi (upper limit) a
50 7 EV motor | 400 L
i maximum >
@) t
40 - op. temp. I
g - 300 3
g o L1, Fe
3 30 1 = 200 ~
= L 200 S o 10 150 < |
3 , ot % 5 10{lb100 & -
~ 0 -1 ~ E) l;c
) 50 ‘
10 4 Sm2F617N3 - 100 8 5 o.. |
L1, FeNi — ¥ °
0 T T T 1 T T T T T 0
0 50 100 150 200 00'—‘0 s 10
Temperature (°C) ’ S '

Lewis, Pinkerton, Bordeaux, Mubarok, Poirier, Goldstein, Skomski, Barmalk, Kojima, Mizuguchi, Koganezawa, Osaka,

IEEE Magn. Lett. 5, 5500104 (2014). ?;’tsoﬂ%'zgjkégﬁg;" Jpn. J. Appl. Phys.
Kuchi, D. Schlagel, T.A. Seymour-Cozzini, J.V. Zaikina, |.Z. Hlova, J. Alloys ’

Compd. 980, 173532 (2024) ?iﬁ N R E L
=

Rom, Smaha, O'Donnell, Dugu, Bauers, MRS Bulletin, 2024, doi: 10.1557/s43577-024-00743-4 Transforming ENERGY



L1, FeNi has high H, if ordered
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What is holding back these materials?
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What is holding back these materials?

Fe16N2

L1, FeNi

Rom, Smaha, O’Donnell, Dugu, Bauers, MRS Bulletin, 2024, doi: 10.1557/s43577-024-00743-4

7-decomp. ~ 600 °C

Christodoulou, Takeshita, J. Alloys Compd. 198(1-2), 1 (1993).

7-decomp. ~ 200 °C

Liu, G. Guo, X. Zhang, F. Zhang, B. Ma, J.-P. Wang, Acta Mater. 184, 143 (2020)

Tgisorder ~ 320 °C (thermodynamic)
530 °C (kinetic)

Lewis, Mubarok, Poirier, Bordeaux, Manchanda, Kashyap, Skomski, Goldstein,
Pinkerton, Mishra, Kubic Jr., Barmak, J. Phys. Condens. Matter 26, 064213 (2014).
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What is holding back these materials?

Sm,Fe ;N, Tdecomp_ ~ 600 °C

Christodoulou, Takeshita, J. Alloys Compd. 198(1-2), 1 (1993).

Fe16N2 7—decomp. ~ 200 °C

Liu, G. Guo, X. Zhang, F. Zhang, B. Ma, J.-P. Wang, Acta Mater. 184, 143 (2020)

L1, FeNi Tgisorder ~ 320 °C (thermodynamic)
530 °C (kinetic)

Lewis, Mubarok, Poirier, Bordeaux, Manchanda, Kashyap, Skomski, Goldstein,
Pinkerton, Mishra, Kubic Jr., Barmak, J. Phys. Condens. Matter 26, 064213 (2014).

Needed: Low temperature processing methods

LiNREL
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What magnets will drive future EVs?
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What magnets will drive future EVs?
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What will be the next (
EV motor magnet?

performance abundance

-l k

Thank you!
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Design principles

a) 0D motifs
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b) Combining 3d and 4d/5d metals

A

c¢) Linear coordination environments
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T. Keller, |. Baker, Prog. Mater. Sci. 124, 100872 (2022)
B. Balamurugan, B. Das, W.Y. Zhang, R. Skomski, D.J.
Sellmyer, J. Phys. Condens. Matter 26, 064204 (2014).
P. Shankhari, O. Janka, R. Péttgen, B.P.T. Fokwa, J. Am.
Chem. Soc. 143, 4205 (2021)

A. Jesche, R.W. McCallum, S. Thimmaiah, J.L. Jacobs, V.
Taufour, A. Kreyssig, R.S. Houk, S.L. Budko, P.C. Canfield,
Nat. Commun. 5, 3333 (2014).
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