
1

High Electrical Resistivity
Permanent Magnets for Advanced

Motors

SMMA Fall Meeting - November 2009
Peter C. Dent, J.F.Liu, M. Marinescu 

Electron Energy Corporation

www.electronenergy.com 1



2

Types of Commercial Magnets

Nd-Fe-B 
Magnets

Sm-Co 
Magnet

Strontium Ferrite

Barium Ferrite

Permanent 
Magnets

Bonded Magnets
(Rubber/Plastic)

Metal 
Magnets

Ferrite Magnets

RE Magnets

Alnico Magnets

Bonded Ferrite 
Magnets

Bonded RE Magnets

SmCo 1:5

SmCo 2:17

Other Magnets
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Typical Manufacturing Process for 
Sintered  Rare Earth Magnets

Magnetizing  
&  Testing

Induction 
Melting 

Ball milling or Jet milling 
To ~ 2-5 m

Sintering, 
Solution and 

Heat treatment

~ 200 - 500 m

Crush into

Pressing

Grinding, lapping, honing, 
Or wire EDM

Machining

Raw Materials
Sm, Co, Fe,Cu, Zr (2:17)

Sm, Co (1:5)

Crushing
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270 Years of Progress in Magnet Technology, --its not over

In the last 100 years, the strength of the magnets [(BH)max and Hc] 
increased  dramatically (by a factor of 100)

Each magnet produces half a Joule of magnetic energy, yet the size has 
decreased  by a thousand fold.

The nanocomposite technology proposed could yet again halve the size 

1735

1952

1985

Lodestone

Ferrite

NdFeB
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Higher Electrical Resistivity Rare
Earth Permanent Magnets

Supported by DOE STTR Contracts: DOE 
STTR DE-FG0207ER86308
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More Efficient Rotors for Electric MotorsMore Efficient Rotors for Electric Motors

High-performance Nd-Fe-B sintered
magnets are playing an increasingly
important role in automobile and
electric appliances driven by the issues
of energy saving and efficiency.

 In an air-conditioner compressor motor
Inserted permanent magnet rotor has
better efficiency than a surface
mounted rotor.

Surface Surface 
Permanent Permanent 

MagnetMagnet

Interior Interior 
Permanent Permanent 

MagnetMagnet

Y. Matsuura. J. Magn. Magn. Mater. 303 (2006).
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Eddy Current Losses in PM Rotors
Induced eddy currents in rotor magnets*:
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*D. Ishak, Z.Q. Zhu and D. Howe, IEEE Trans. Magn., 41, 9, p. 2462, 2005

 = resistivity
 = angular coordinate
r = radial coordinate
t = time
r = rotor speed
pr = magnet pole-pairs
C(t) = int. const.
A = vector magnetic potential
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Eddy currents in Permanent Magnets

Comparison with other solutions: Magnet segmenting

Figure 1 Eddy current loss in rotor permanent
magnets (without a metallic sleeve) of a single
phase brushless DC motor, as a function of
the number of magnets (segments).

FEM showed that for a single-phase permanent
magnet brushless DC motor, the eddy current loss
in the permanent magnets can be reduced by
~70% by segmenting the rotor ring magnet into 8
segments
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Sm-Co 2:17 magnets with increased resistivity

dielectric inclusions

magnet matrix

Figure 2 X-ray diffraction analysis 
shows the existence of 2:17 and CaF2

phases in Sm(Co,Fe,Cu,Zr)z / CaF2

composite magnet sintered at 1200oC.

Figure 3 Backscattered electron scanning 
electron micrograph of  Sm(Co,Fe,Cu,Zr)z -

based composite magnets with 20wt% of  CaF2.
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Sm-Co 2:17 magnets with increased resistivity

Figure 5 Demagnetization curves of magnets synthesized from
Sm(Co0.70Fe0.21Cu0.06Zr0.03)7.4 (10k) with different percentage of added Sm-rich
Sm(Co0.66Fe0.24Cu0.07Zr0.03)4.9 and CaF2 powders.

~ 99 ·cm
Top max = 400oC

• Magnets process by sintering @ 1200oC
• (BH)max = 27 MGOe at RT 
• Resistivity is increased with ~ 30%
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Sm-Co 2:17 magnets with increased resistivity

Figure 6 Magnetic properties of fully dense Sm(Co0.661Fe0.266Cu0.052Zr0.021)7.49

(11k) / CaF2 composite magnet with the resistivity increased 30% compared to
the commercial Sm-Co 2:17 magnets. These magnets are able to operate at
temperatures of 240oC and above.

Temperature
(oC)

4Mr or Br
(kG)

Hci
(kOe)

Hc
(kOe)

Hk*
(kOe)

(BH)max
(MGOe)

Density
(g/cm3)

22 10.79 >25 9.91 12.33 27.11 7.98#

150 10.28 17.90 9.46 11.94 24.59 7.98

240 9.82 11.49 8.80 8.65 22.09 7.98

* field at which the magnetic flux 
decreases by 10%
# bulk density

~ 99 ·cm
Top max = 400oC
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2:14:1 magnets with increased resistivity

Composition Density 
(g/cm3)

Resistivity
(μΩ cm)

100% Pr(Nd)14.5Fe79.5B6 7.49-7.54
(= ingot 
density)

125 - 135

95% Nd14.5Fe79.5B6 / 5% DyF3 7.46 230 - 250

95% Nd14.5Fe79.5B6 / 5% CaF2 6.99 840 – 890*

95% Pr14.5Fe79.5B6 / 5% NdF3 7.40 290 - 310

95% Pr14.5Fe79.5B6 / 5% DyF3 7.37 680 - 780*

95% Pr14.5Fe79.5B6 / 5% CaF2 7.02 750 - 780*

470 - 490*

* specimens have fine cracks

Table 1 Electrical resistivity and density of composite 2:14:1 / fluoride 
magnets produced by hot pressing and die upsetting.

Synthesis method: ribbons by melt spinning
bulk magnets by hot pressing (650- 700oC) and hot deformation (800oC)
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NdFeB 2:14:1 magnets with increased resistivity

Figure 11 Demagnetization curves for Pr(Nd)14.5Fe79.5B6 / CaF2,
NdF3 and DyF3 magnets produced by hot pressing and die upsetting
show an electrical resistivity increased at least 2 times compared to the
2:14:1 magnets.
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High Resistivity Summary
• Sm(Co,Fe,Cu,Zr)z / CaF2 magnets were produced

– at almost full density 
– very good hard magnetic properties
– electrical resistivity is 30% higher compared to the metallic-only counterparts. 

• Bonded Sm(Co,Fe,Cu,Zr)z / B2O3 magnets
– high electrical resistivity of ~ 1000 µcm
– high coercivity, 
– but a residual induction of only 5.85 kG due to the reduced density. 

• Pr-Fe-B / fluorides composite magnets prepared by hot pressing and die upsetting
– show an electrical resistivity twice as high as conventional Pr-Fe-B magnets. 
– Addition of CaF2, NdF3 and DyF3 enhance the intrinsic coercivity. 
– NdF3 improves the squareness of the demagnetization curve.
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Nanocomposite Permanent
Magnet Technologies

Supported by 
Air Force SBIR Phase II FA9550-07-C-029

NSF SBIR Phase I Grant No. IIP-0704888
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Performance Positioning
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Why Nanocomposite magnets?
• Theoretical micromagnetic calculations: almost double (BH)max

• Physical principle: magnetic exchange hardening of soft magnetic phases by hard magnetic phase.

H

Soft

Hard

Hard
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Why Nanocomposite magnets?

E. F. Kneller and R. Hawig, IEEE Trans. Mag. MAG 27, 3588 (1991)

Nd2Fe14B: w (hard) = 4.3 nm
Sm2Co17: w (hard) = 8.6 nm

• Problem of composite materials preserve high iHc
loop squareness

• This can be only guaranteed if:

• Theoretical micromagnetic calculations: almost double (BH)max in nanocomposite
magnets.

• Physical principle: magnetic exchange hardening of soft magnetic phases by hard
magnetic phase.

Dg (soft)  2 x w (hard)

grain size domain wall width
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•Nanocomposite magnets takes the advantage of

•high saturation magnetization of soft magnetic phase 

•high intrinsic coercivity of hard magnetic phase. 

•Theoretical prediction proven 

•Isotropic permanent magnets. 

•Energy level is still too low due to lack of alignment.

•Development problems for anisotropic high energy permanent 
development - processing

Nanocomposite Magnets
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Synthesis of Coated Magnet Powder

• Limitation of electroplating technique: Sm2(Co,Fe)17 particles could
only be coated with Co as the electronegativity of Fe was not sufficient
to facilitate its deposition.

Our technique:

free composite powder ideal consolidated 
nanocomposite magnet

(a) (b) (c)
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Magnetic Properties of Sm(CoFeCuZr)7.4/nano Fe Composite HP 
Magnets

potential equivalent to more 
than 30% increase of (BH) max

HP Sm(Co0.699 Fe0.213 Cu0.064 Zr 0.024 )7.4
HP Sm(Co0.699 Fe0.213 Cu0.064 Zr 0.024 )7.4 / nano-Fe 
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FINDINGS AND ACCOMPLISHMENTS

• Synthesized model Cu / Fe composite powders with uniform and 
complete coating of Cu powder by Fe nanoparticles. 

•Developed efficient and inexpensive techniques of coating the 
core particles of different sizes. 

• Produced model composite Cu / Fe bulk specimens by hot pressing 
the Cu-core / Fe-shell powders. The thickness of continuous Fe layers 
can be varied within a wide range down to few hundred nanometers 
(tens of nanometers seem to be possible).
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•Synthesized Sm-Co / nano-Fe anisotropic composite 
core/shell powders. 

•Magnetic and Van der Waals forces responsible for adhesion 
of the Fe nanoparticles. 

•Composite powders show enhanced magnetic properties vs. 
uncoated powder.

FINDINGS AND ACCOMPLISHMENTS (Continued)
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•Produced composite Sm-Co / nano-Fe bulk specimens with 80% density
by hot pressing and almost full density by die upsetting. 

•The composite magnets show enhanced magnetization while the 
demagnetization curves are deteriorated to some degree. 

•Further process optimization needed of magnetic properties 
• Sm-Co / nano-Fe composite magnets.

• Both the powder synthesis and consolidation techniques can be easily 
scaled up for mass production.

FINDINGS AND ACCOMPLISHMENTS 
(Continued)
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High Temperature Active
Magnetic Bearings

Supported by NASA Contracts 
NNC05CA33C & NNC06CA04C
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Ultra High Temperature Permanent Magnet 
Active Magnetic Bearing (AMB)

Need: 

-Roller bearings & squeeze dampeners 260 �ƒC max.
-High temp dampening not possible with oil & 
elastomers.  
-Limited speed, constant elect power req’d for force & 
control

Operational Gap: 

-Lower weight, higher efficiency
-No lubrication, no cooling, operation at 538 �ƒC (1000 �ƒF)
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• NASA, Gov’t & Aerospace
– Space power Brayton cycle generator components
– Turbine engines - propulsion 
– Flywheel power storage

• Commercial:  
– Natural Gas turbines
– Nuclear power components
– High speed, high temperature generators

Ultra High Temperature AMB Applications
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Ultra High Temperature AMB 
Innovations

• Uses EEC’s ultra high temperature, high energy product and 
high structural strength magnets for majority of static loads 
(US Patent no. 06,451,132) 

• Ultra High Temperature permanent magnets provide most 
force  

• electromagnets for control only
• Ceramic Insulated control coils and motor stator
• Uses TAMU patent pending fault tolerant homopolar

magnetic bearing design
• Lower ohmic loss homopolar design 
• Fault tolerant with catcher bearing back up
• Compact, Light weight design
• High Reliability
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Ultra High Temperature AMB 
Innovations

• Reduced need for electronics
• High speed operation
• High stiffness
• High temperature dampening possible
• Test stand developed for operating in 

vacuum
• Driven by 538 degree C PM motor
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UHT AMB bearing Preliminary Specifications

• Operation up to 1000 degrees F (538 degrees C)
• Weight 47 lbs (radial AMB) and 18.3 lbs (axial AMB) 
• Bearing Dimensions

• length 8.18 cm 
• O.D. 23.75 cm

• 25,000 rpm
• Load of 602 lbf radial, 578 lbf axial at 15A & 1000°F 
• stiffness for radial bearing Ki 40.1 lbs/amp, Kp -

66,250 lbs/in 
• Airgap B bias .66 Tesla
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UHT-AMB Test Stand

AMB test rig configuration

Safety Test stand under the ground
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band heaters at 1000F

Radial UHT-AMB
TAMU testing facility

Radial AMB
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Access to replace 
catcher bearing pads

Radial Bearing

Radial Catcher Bearing

Radial Bearing

Motor

Radial  Catcher Bearing

Thrust Bearing and Thrust Catcher 
Bearings access 

Access 

Location 
Bolts 

Figure 4.4  The motor components shown in their locations

UHTUHT--AMB Bearing Test StandAMB Bearing Test Stand
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- 5-10 hp, 25,000 rpm
- Self starting with standard 3 phase controller
- 10 amp, 235 V peak
- Embedded EEC T550 High Temp Magnets
- 4PM’s oriented for Circumferential Flux Flow
- 0.5 Tesla at 1,000 F  (0.45 Tesla in the air gaps)
- Inexpensive 1010 steel could be utilized since magnetic flux is less 
than 1 Tesla

Ultra High Temperature PM Motor
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Halbach PM Dipole Structures:

Bg = Br ln(OD/ID)

ODID

There is no upper limit for air gap 
flux density in Halbach dipole 
structures according to 
equation. 

Reality limited by:

(1) The realistic size

(2) The demagnetization effect 

Halbach Cylinders
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Flux Density 
Map

Vector Map

Halbach PM Dipoles
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Design Services Example

Halbach PM Quadrapoles

Over 40% higher flux than 
conventional designs
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Vector Map

Halbach PM Dipoles
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0o Position 45o Position

90o Position135o Position

Magnetic Mangles
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Global Supply Chain Issues
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Strategic Economic Weaponry

“Improve the development 
and applications of rare 
earth, and change the 
resource advantage into 
economic superiority.” 
President Jiang Zemin 1999

“There is oil in the Middle 
East; there are rare earths 
in China. We must take full 
advantage of this resource.” 
President Deng Xiaoping 
1992
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China Dominates Magnet
Materials

WW Total Market Size $9.1B 
(2007)Projected $11.8B 2011, 
$21B by 2020

NdFeB magnets 
75%

Rare Earth Oxide 
Ore production 
97% (50% WW 
reserves) Rare Earth pure 

Metals nearly 100%

Hard ferrites 85+ %

Over ½ WW  Alnico 
& SmCo 
production

Japan, US, European 
producers close 
plants, move 
production

CHINA
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Rare Earth Material Sources

Source: US Geological Survey
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Global Metal Production in All Time
Record Year - 2008

44

2008 Mine Prod.
Item In Metric Tonnes

Raw Steel 1,360,000,000
Pig Iron 958,000,000
Aluminum 39,700,000
Copper 15,700,000
Manganese 14,000,000
Zinc 11,300,000
Lead 3,800,000
Nickel 1,610,000
Magnesium 808,000
Strontium Materials 512,000
Tin 333,000
Molybdenum 212,000
Antimony 165,000
Rare Earths (Mixed)
Cobalt
Vanadium
Niobium(Columbium)
Tungsten

124,000
71,800 
60,000
60,000
54,000
60,000

2008 Mine Prod.
Item In Metric Tonnes

Uranium (2007) 41,279

Lithium 27,400
Silver
Cadmium

20,900
20,800

Bismuth 5,800
Boron 4,100
Gold
Selenium

2,330
1,590

Zirconium 1,360
Tantalum
Yttrium (2001)

815
600

Indium 568
Platinum 200
Palladium 206
Rhenium
Rhodium
Hafnium

45
30
25
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Criticality Matrix (US National Academies, 2008)
This matrix was devised by the U.S. National Academies and published in 2008 in Minerals, Critical 
Minerals, and the U.S. Economy (2008).  The matrix preceded by a detailed explanation of the 
conclusions from which it was created is (free) on the Internet at 
http://books.nap.edu/openbook.php?record_id=12034&page=165#p200140369960165001
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• Minerals - 50% of China’s 
foreign investment

• Periodic Table needs 
growing – Intel

• 11.3 mT/year non-
petroleum minerals 
required in US

• Augment  Foreign Oil 
Dependence with Minerals 
Dependence?
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Recent Trade Issues -
"The U.S. and the European Union filed separate complaints with the World 
Trade Organization on Tuesday alleging that China is unfairly benefiting 
domestic industries by restricting exports of certain raw materials." 

U.S. Trade Representative Ron Kirk called China's alleged export 
restraints on raw materials a 'giant thumb on the scale' in favor of China's 
chemicals, steel, and aluminum industries, among others. The U.S. alleges that 
"by limiting exports on those products through quotas, export duties, licensing, 
and other restraints, China gives an unfair leg up to its manufacturers that use 
those materials." The raw materials involved in the dispute include bauxite, 
coke, magnesium, manganese, silicon metal, and zinc. 

Source:  June 24, 2009, The Wall Street Journal
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Chinese Rare Earth Actions
• Government sets production caps 
• Price minimums established through industry collusion
• Export quotas traded among producers, adding to export price
• China producers established $100/ton fine for violations to price minimums (14 

July 2005)
• Jan 1, 2008 Export taxes increase to 25% from 10% (US Import duty is 5%)
• Authorized seller of Rare Earths reduced in 2008 to 23 companies from over 40
• Chinese internal market may squeeze out material for export SOON 
• Massive Rare Earth Technology Center (1.6 million sq foot)
• Rare earth metal buybacks from Chinese customers mandated at sub market level
• China views downstream user implications of price increases having positive 

effects of reduced competition of magnet companies and forcing China’s 
products up the value chain
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RE Implications Outside China
• Price spikes, uncertainty, supply chain disruptions
• Higher raw material prices for rare earth magnet producers
• Puts Chinese home markets at structural competitive 

advantage over export markets 
• Incentivizes Chinese to move up value chain more quickly, 

competing with developed nations products
• Adds revenue and profit to Chinese enterprises, 

– increases industry consolidation
– ability to compete

• All consumers will pay more
• China as critical to supply chain
• Loss of knowledge base to innovate
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US Production is Vital

• Develop unique materials for specific DOD, 
Green Technologies & US market needs 

• AND commercialize
• Interest and ability to work with high 

performance, small production runs
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How is the situation being
addressed?
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DOD Specialty Metals Domestic Sourcing 
Applicability to Permanent Magnet Materials

Hard (Permanent) Magnets
• Three general types:

Alnico
– Rare Earth

• SmCo
• NdFeB

– Hard Ferrites

Soft Magnetic Materials
• Multiple types, including: 

– Powdered iron

– Soft Ferrites

– Electrical steel
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Government Actions

• DFARS Final Rule on Specialty Metals
• National Defense Stockpile
• Department of Commerce, USTR
• ARDEC-RDECOM - REITA
• DOE, NAS, GAO, DOD IP Reports
• DOD, DOE Funding
• USGS
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Private Sector
“Never Give In”

• 7 non Chinese NdFeB producers (sintered)
• 5 non Chinese SmCo producers
• Non-Chinese Mining Investments
• Mine to Market, to Magnet, to Metal
• Process Technology Improvements
• RE Magnet Product Innovation
• US Based JV Molycorp-Arnold for NdFeB
• USMMA
• SMMA PM Division
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EEC Summary Info
• Landisville, PA – 40,000 sq ft State of the Art Facility
• 110 employees
• One Modern Manufacturing Site
• Compliance with DOD Domestic Preferences of Specialty Metals (DFARS) & ITAR
• Products

– Sintered Samarium Cobalt production
– Rare Earth Magnet Assemblies and Systems
– Design Services
– Contract R&D

• Fully integrated production of SmCo
– Alloy Powder Production
– Alloy Melting and Manufacturing
– Magnet Pressing
– Sintering and Curing Equipment
– Magnetization and Test
– Full magnetic properties characterization
– Machining
– Magnet Assemblies
– Magnet Circuit Design
– Research laboratories for materials 

and systems development
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Questions?

Peter C . Dent
Electron Energy Corporation
924 Links Ave.
Landisville, PA 17538
(717) 898-2294 ph
(717) 459-1001 direct
(610) 349-5525 cell
pcd@electronenergy.com
www.electronenergy.com


