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; | Hard vs. Soft Magnets
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s | Magnetic Losses

R. Schaefer and G. Herzer, "Continuous magnetization patterns in
amorphous ribbons," IEEE Transactions on Magnetics, vol. 37, pp.
2245-2247, 2001.

Hysteresis Eddy Currents Domain Wall Motion



; | Soft Magnet Energy Related Applications

Inductor cores Transformer cores

Stator Winding
Rotor
Stator Core
S

Lllron Alloy M Nonconductive Boundary

Electrical machines (motors & generators)




6 | Electric Vehicles

All-Electric Vehicle

Electric Traction Motor
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Traction Battery Pack

" Charge Port

™~ Onboard Charger

|
]

~ Eaugry - (auxillary)

afdc.energy.gov




Magnetics Impact Power Conversion Volume and Weight

Passive elements and
thermal management
comprise the bulk of the
volume and mass of a
power converter

WBG/UWBG materials
enable higher switching
frequency and better
thermal management

Magnetics

Capacitors

J. Neely, J. Flicker, B. Kaplar (SNL)

Thermal
management

Semiconductor
switches



Higher Frequencies Decrease Inductance
s | Requirements, However...

101: HERER RS RaE ] HER SR EREE S HERER RS SR RS S S SRd

: Volume ~ 1/Frequency |  Higher switching frequency is enabled by
SRrd® J scaling properties of WBG/UWBG
=] i T i 5 materials
& m*; : GaN -
E f Si g  |deal 1/f SWaP dependence (true
:%’ ) : I l AI—I\] f dependence likely weaker 1/f" withn < 1
% bl SiC :' l iii due to nonidealities)
E 00 L ,/’, H * Other benefits exist, e.g. higher voltage
: UWBG | without series stacking of devices, and
aop i i Lol HEEEEhY higher temperature operation

10° 10° 107 108

Switching frequency (Hz)

10° 10*

Inductive core materials have essentially been an
afterthought and new magnetic materials are needed

Adapted from Bob Kaplar (SNL)



Benefits of a Solid State Transformer

Trans-

l former
Em'rw Power 5 & ‘ o
sﬁm;%?ﬁﬂ electronics ot O

High frequency (20 kHz) transformer

S. Krishnamurthy, Half Bridge AC-AC Electronic
Transformer, IEEE, 1414 (2012).

= [ntegrate output transformer within power
conversion electronics

= Leverage high switching speed, voltage, and
temperature performance of WBG semiconductors

= Still maintain galvanic isolation

Material requirements:

= Low loss over 10-200 kHz frequency range
= low coercivity, high p

* High J, — high power density

= High temperature performance

= Scalable & Affordable

" Increased reliability and better SWaP



Transportable Energy Storage and Power
o I Conversion Systems (PCS)
Benefits of Energy Storage:
= Maintain power quality and reliability

= Improve stability and defer upgrades

= Enhanced agility and control (load leveling,
power factor control, frequency and voltage
regulation)

" |Increase deployment of renewable energy

Benefits of Transportable Systems:
= Lower cost

= Modular design reduces assembly and
validation time

= Faster installation at renewable energy
generation sites




11 M i Cro i nverters fo r Pv Improved soft magnetic materials improve

performance and decrease size of all inverters

Can increase overall system efficiency by accommodating:

* Solar panel mismatch

S —

Central Inverter or Micro-inverter
(1 per solar system) (1 per solar panel)

* Panel orientation

Less loss = Less waste heat = Less failures

e Shading




12 | Soft Magnetic Materials

soft magnetic composites (SMC)
nanocrystalline alloys (also Fe & Co based

Adapted from: L.A. Dobrzanski, M. Drak, B. Ziebowicz, Materials with specific magnetic
properties, Journal of Achievementsin Materials and Manufacturing Eng., 17, 37 (2006).
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Adapted from: F. Fiorillo, G. Bertotti, C. Appino, M. Pasquale, and J. G. Webster, "Soft Magnetic
Materials," in Wiley Encyclopedia of Electrical and Electronics Engineering: John Wiley & Sons,

Inc., 1999.
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13 | Amorphous & Nanocrystalline Alloy Manufacturing
"NANOPEM"

Inductor Loss V Frequency

R el 11 300 I
T ) o< N | K4 Vacuumschmelze "y
o T, e ‘:\ d 27 250 — "‘Ir -
i i”|\ ’ s il ol melting furnace % ..,
1300°C % 200 - ..
SN induction coil 5 150 , ‘
| T .
ceramic nozzle 3 3 —
o 5
c 100 - d— l — |
cooling / quenching rate: - ‘ R
1000 000 Kelvin / s 50 : -
5 10 15 20 25 30 35
casting wheel :’7“°2"5"L°:" b 20 Frequency (kHz)
speed: 100 km/h (60 mph) » ]
) . e F Amor - W= =6.5% | ;
Intergranular amerphous  Mano-scale a-Fe grains with '_ ;::jim::;pmus - 25";;;2? j
phase with high Tc and emall b due to small amounts |
111glh thermal Stf;:j;ti{ ;:d of M and B elements B.J. Lyons, J.G. Hayes, M.G. Egan, Magnetic Material Comparisons for High-
E?;;ET;ED“" ‘ Current Inductors in Low-Medium Frequency DC-DC Converters, IEEE, 71 (2007). |

A. Makino, et. al., Nanocrystalline Soft Magnetic Fe-M-B (M = Zr, Hf, Nb)
alloys and their applications, Mat. Sci, and Eng., A226-228, 594 (1997).

» Complex stoichiometries including Fe and/or Co

* Many other non-magnetic elements such as -
B, Zr, Hf, Nb, Cu, Mo, Si, C

* Material produced in tapes 5 — 20 um thick
* Up to several cm wide

J. M. Silveyra, E. Ferrara, D. L. Huber, T. C. Monson, “Soft magnetic materials for a

e Can be difficult to Stamp into sha pes sustainable and electrified world,” Science 362, 418 (2018).



14 Opportunities Y'-Fe,N unit cell

= Improve existing materials
= 3% - 6.5% Si (electrical) steel

" |Increasing M, and tape width in amorphous
and nanocrystalline alloys

= Grain boundary engineering in ferrites

= |nvent new materials

= Nitrides

= New composite (SMC) approaches

= |deas no one has thought of?
= Better control over crystallinity and grain size
= Better control over domain wall motion

Fe nanoparticle nanocomposite §



JFE Steel Corporation

(€ m) |permeabilty| tion (T) Ba() Bas(T) | AM0/400
(x10%)
JNEX-Core 0.10 0.82 23,000 1.80 1.29 1.40 01
0.05 = 175 ==
et 010 24,000 1.84 1.91 i
Grain-oriented silicon steel 023 048 92.000 203 192 1.96 08
035 94,000 1.92 196
010 12,500 205 158 =
Non-oriented silicon steel | 0.20 0.57 15,000 203 144 1.53 7B
0.35 18,000| 196 1.45 1.56
Fe-based amorphous | 0.025| 1.30 |300,000( 1.50 1.38 = 270
Ferrite Bulk = 3,500 = 0.37 — 210

SiCl, + 5Fe — Fe,Si + 2FeCl,

Super Core” Production Process

Concentration distribution control
diffusion process

—
JNHF-Core

Gradient high—&on steel sheet 5,
with low silicon content
at the center portion
JNEX-Core

and 6.5% silicon near
the outer surface areas
6.5% silicon steel sheet.
(A high-silicon steel sheet
with a uniform silicon
content of 6.5% throughout the sheet)

Uniform diffusion process




s | 6.5% Si Steel, Melt Spinning

Overhead pressure
Thermocouple

Molten alloy

Pyrometer
(optional)

Induction
heating

Melt spun
ribbon

Rotating
copper
Wheel

Limited range of thickness (0.03 — 0.1 mm)
Limited widths (< 300 mm)

Currently used in laboratories to produce
small batches (< 1 kQ)

I N O
{0 .l O

Cui, Jun, “Cost Effective 6.5% Silicon Steel Laminate for Electric Machines,”
Electrification 2018 Annual Progress Report, Vehicle Technologies Office, U.S. DOE

Ouyang, Gaoyuan & Chen, Xi & Liang, Yongfeng & Macziewski, Chad & Cui, Jun. (2019). Review of Fe-6.5 wt% Si high
silicon steel—A promising soft magnetic material for sub-kHz application. Journal of Magnetism and Magnetic

Materials. 481. 10.1016/j.jmmm.2019.02.089.



17 | Improving Amorphous and Nanocrystalline Alloys

Theisen, E. (2017). Development of New Amorphous and Nanocrystalline Magnetic Materials for
Use in Energy-Efficient Devices. MRS Advances, 2(56), 3409-3414. doi:10.1557/adv.2017.552

2) S —— T
Figure 3: a) Full sized spool of 142mm (5.6”) wide FT-3W weighing 500 kgs and b) Inductor
core fabricated from the 142mm nanocrystalline FT-3W ribbon.

A. Makino, "Nanocrystalline Soft Magnetic Fe-Si-B-P-Cu Alloys With High B of 1.8-1.9T Contributable to
Energy Saving," in IEEE Transactions on Magnetics, vol. 48, no. 4, pp. 1331-1335, April 2012. doi:
10.1109/TMAG.2011.2175210




| Inorganic Magnetic Composites

Laminated flakes ,

DI

Fe-6.5wt/%Si Flake

>

Cui, Jun, et al. "Near net shape bulk laminated silicon iron electric steel for
improved electrical resistance and low high frequency loss." U.S. Patent

Eddy-current

Application No. 16/501,332.

7

773, 100MPa
/< ////////////</ C L L L LS ELELLLLLLLLLLL ool o ool ol N r AT i
M SR e
g 5 AN 4 5 \; :
% g “ % % ¢
D g N AN n ¢
ol bkl bl e ol L S ko Bl M Ll bl ol bl Ll bl ol ol bl okl Ll Ll Llll Ll 10’
’ N ] W \G
,\ /\ /\ 4
/l\ AN N s
L/ VDI il VDDA VDL 4
\\\ \ Q/ 1
a % ]
;\ /\ 4/\ % ] 4
N AANTTITTORS /t\ £ /12
/ 1////////\ r e 2ol bl 2’222 \I/ 2L Ll /I/I/III{ A I///II/\I Z \
g s 0
\\ N /\\ \\\\\\\ N 1
;/ Lk L Ll Ll VT T IO TTETTTETTETTE A
/ N W N N\
A
/ s 4 %
/ A AN AN g
Cokolololo ool lokokod oo ol Bl Ll L e bl ld ol & /]
\/ \/ N %
5 \ %
A /] 11 %
g /\ ] %
N SSSSESNY \\ N %
L L L L L LLLLLLLLLL L L 8222828220220 2870722722222,

Insulated coating

Det WD; Exp |—| 200 pm

SE ? 2 1 SPS RIB/FeN 500 100

“j'-_"? =
-

T. C. Monson, B. Zheng, R. E. Delany, C. J. Pearce, E. D. Langlois, S. M. Lepkowski,
T. E. Stevens, Y. Zhou, S. Atcitty, E. J. Lavernia, “Soft magnetic multi-layered
FeSiCrB-Fe,N metallic glass composites fabricated via spark plasma sintering,”
IEEE Magnetics Letters 10, 1-5 (2019).



s | Bottom-up Magnetic Composites, Organic Matrix

Current SMCs New possibility
]
* Irregular shape increases anisotropy * Tailored shapes to minimize anisotropy
* Further limits p * Increased p
* Particles still touch throughout composite * Better control over particle dispersion
* Multiple conductive pathways * True insulating composite

J. M. Silveyra, E. Ferrara, D. L. Huber, T. C. Monson, “Soft magnetic materials for a sustainable and
electrified world,” Science 362, 418 (2018).




20 | Magnetic Nanocomposites, Organic Matrix

(L. = Triepoxide

—2 = Monhoamine
=e = Djamine

= Uniform particles
= Uniform, controlled spacing
= Nearly insulating composite

= (Can leverage
superparamagnetic behavior

J. Watt, G. C. Bleier, Z. W. Romero, B. G. Hance, J. A. Bierner, T. C. Monson, D. L. Huber, “Gram scale
synthesis of Fe/Fe,O, core-shell nanoparticles and their incorporation into matrix-free superparamagnetic
nanocomposites,” Journal of Materials Research 33, 2156-2167 (2018).




» | New Magnetic Materials

Slater — Pauling Curve

5-P Curve
Fe-\
Fe-Cr
Fe-Ni
Fe-Co
Mi-Co
Mi-Cu
Mi-Zn

M-

Mi-Cr
Mi-Mn
Co-Cr
Co-Mn
Pure Metals

25

Oececeoececne!

Magnetization per atom (m) (Ug)

24 25 26 27 28 29
(Cr) (Mn) (Fe) (Co) (Ni) (Cu)

Number of electrons

Roy, Rajat & Panda, Ashis & Mitra, Amitava. (2015). Alloy
Development through Rapid Solidification for Soft Magnetic
Application. 10.5772/60772.

= Alloying alters spacing between
atoms

* Tunes exchange coupling and
therefore magnetization

* There are other ways to tune
the spacing between atoms



22 | SPS consolidated iron nitride (y'-Fe,N)

Decomposition of Fe, N —___

Normalized Heat Flow (W/g)

0.0
0.2 -
—— as received Fe,N (increasing T) \/

1 | 1 |
400 500 600 700

Temperature (°C)

Relatively low thermal
decomposition limits consolidation
& fabrication methods

350 °C SPS Consolidation
Fe3N

FeCl, + LisN oleylamine

Spark Plasma Sintering
Fast sintering

Pressure and pulsed current
assisted sintering process

Precision control over heat,
pressure, and time

Restrain grain growth

Full densification

e

D Acc.V SpotMagn Det WD Exp }—u| 5um
* 500kv30 5000x SE 62 1 AR FeN
P i E
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» | SPS consolidated iron nitride (y'-Fe N)

I

1.5

First ever bulk y’-Fe,N!
U.S. Patent #9,963,344

1.0

0.5

« SPSed at 550°C and 100 MPa

t oo ...................................... ° JS = 1-62 T
sl * Theoretical J,=1.89 T (SiFe is 1.87 T)
- H_ < 1000 A/m
1.0 .
-8 - ' U R Magnetic Material J (T) | p(n€2-m)
= 00
VITROPERM (Vacuumschmelze) ¥ 1.15 High
H (kA/m) Metglas 2605SC 1.60 1.37  High
T. C. Monson, B. Zheng, R. E. Delany, C. J. Pearce, E. D. Langlois, S. M. Lepkowski, T. E. Ferrite (FerrOXCU bE) 0.52 5X106 LOW

Stevens, Y. Zhou, S. Atcitty, E. J. Lavernia, “Soft magnetic multi-layered FeSiCrB-Fe,N
metallic glass composites fabricated via spark plasma sintering,” IEEE Magnetics 1.87 0.05 LOW

Letters 10, 1-5 (2019). —_— Y 1.89 > 200 Low



24 | Grain Size, Domain Wall Motion, and Coercivity
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Fig- 2* Cﬂﬂl‘CWlW Hn: V5. grain size fﬁl’ vari{?us Sﬂ& l'l-flﬂgI'IEliC R. Schaefer and G. Herzer, "Continuous magnetization patterns in amorphous
metallic allﬂys. The data of the nanﬂcrystallme material refer ribbons," IEEE Transactions on Magnetics, vol. 37, pp. 2245-2247, 2001.

to ( o) FeNbSiB and (e) FeCuNbSiB [14], (¢ ) FeCuVSiB [15],
(@) FeZrB [4] and (v ) FeCoZr [16].

G. Herzer, Nanocrystalline Soft Magnetic Materials, J. Magn. Mag. Mat., 112, 258 (1992).



s | Conclusions

= Soft magnetic materials are ubiquitous and will only become more important
as our energy supply and distribution modernizes

" Tradeoffs between magnetization, electrical losses, cost, and suitability for a
particular application must always be considered

= No single magnetic material can meet all current and future needs
= Opportunities exist for both incremental and revolutionary improvements
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» | Magnetization vs. Resistivity
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silicon steel—A promising soft magnetic material for sub-kHz application. Journal of Magnetism and Magnetic
Materials. 481. 10.1016/j.jmmm.2019.02.089.



» | Magnetic

M (MA/m)

-1.0

1.0

Properties

-15000

-10000

-5000

M. = saturation magnetization
M, = magnetic remnance

H. = coercivity

y; = initial susceptibility

K = permeability
K. = permeability

I I I — —
0 5000 10000 15000 IJ'r - p'/l“l'O - 1 + x

H (A/m)



30 | Random Anisotropy Model |

= Magnetic correlation length (L) is longer ‘
than structural correlation length (D) |

» Effective anisotropy becomes negligible

K, = Randomly oriented uniaxial anisotropy
D = Structural correlation length (grain size)
m = Magnetization

L = Magnetic correlation length

J. M. Silveyra, E. Ferrara, D. L. Huber, T. C. Monson, “Soft magnetic materials for a sustainable and
electrified world,” Science 362, 418 (2018).
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2 | Power Transformer Market Analysis

Figure 12. Estimated Power Transformer Markets: United States v. China in 2010

MVA Pewer Transformers Included in Analysis:
160,000 —— B0 MVA + Z20 kV +

140,000 +
120,000 -
100,000 4
80,000 -

Annual Production Capacit

U5 totat ~50,000 MWVA [ vear

China's largest producer with 2 plants: ~125000 MVA | year
0,000 -
40,000 +—-

20,000 m Market Size [Dermand)

o = Domestic Production

s iZhina

Note: Different critena used for the United States and China. For the United States, power transfomers with capacity greater than or eaual
1o 80 MVA are included in the data; for China, power fransformess with capacity greater than or equal to 220 kV are included in the data.
Sources: USITC, 2011; China Transformer Med, 2010; China's Power Transformer Indusiry Report. Reuters, 2011.

“Large Power Transformers and the U.S. Electric Grid”, Infrastructure Security and
Energy Restoration Office of Electricity Delivery and Energy Reliability, U.S.
Department of Energy, June 2012.



= | Trans

o'

former EMP Vulnerability
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| »

3

 Geomagnetic storms couple
very efficiently to long
transmission lines

« Transformer can be driven to
saturation, creating harmonics
and reactive power

, | * Enough heat generated to melt
e s ‘ copper windings
« Transformers the grid

component that is hardest to
replace

Permanent damage to the Salem New
Jersey Nuclear Plant GSU Transformer
caused by the March 13, 1989 geomagnetic
storm. Photos courtesy of PSE&G.

Report of the Commission to Assess the Threat to the United States from Electromagnetic
Pulse (EMP) Attack, Critical National Infrastructures, April 2008

5



FIG. 1. Two main applications of high power converters with HFHFTs, (top) offshore wind farm and (bottom) traction
converter.

E. Agheb, et. al., Core loss behavior in high frequency high power transformers-Il: Arbitrary
excitation, J. of Renewable and Sustainable Energy, 4, 033113 (2012).



3s | Metglas Ribbon and Laminated Motor Parts




36 | Motors

PERMANENT MAGNET

Maanet

Stator
windings

Ratar

INDUCTION

General Motors
Permanent Magnet Electric Motor

TBEARING SUPPORT ASSEMBLY

T LAMINATED STEEL ROTOR CORE SECTIONS

TBAR WOUND WIRE

MAGNETS T
PAIR INSTALLATION

STEEL PLATE 0

I

ROTOR HUBT
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| Slotted vs. Slottless Motors

Brushless DC Motor Construction
Slotted Motors Slotless Motors

Slotted Construction

= Coils around Laminations
Iron “Taeth" ) ./
Copper Coil

W|ndlngs

Magnets (Rotor)

Close proximity of “teeth” to Cylindrical encapsulated
magnet = increased torque windings (no slots)




a8 | Hard Magnetic Materials

HEE

nanomagnets Sm-based and Nd-base.

= v 0]
RE-TM | 2 20
2
oo
AINICo -
| T I
Co, W steels [od] |
! i
| | I [ | [
1800 1930 1950 19701975 19851990 ]
L.A. Dobrzanski, M. Drak, B. Ziebowicz, Materials with specific magnetic properties, Journal
of Achievements in Materials and Manufacturing Eng., 17, 37 (2006). &

[/

TU Darmstadt Functional Materials



39 | Permanent (Hard) Magnet Applications

General Motors
Permanent Magnet Electric Motor

TBEARING SUPPORT ASSEMBLY

Electrical Machines (Generators & Motors)

TLAMINATED STEEL ROTOR CORE SECTIONS
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machine support
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o | e E 4 ? ‘- brake
S % % . axle pin
: P, , blade adapter

- tower
rotor blade

£ spinner /
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H. Polinder, J. Abraham Ferreira, B. Bech Jensen, A. Abrahamsen, K. Atallah,
and R. McMahon, Trends in Wind Turbine Generator Systems vol. 1, 2013.



