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NATO East-West Workshop on Magnetic
Materials for Power Applications

(RTO TR-031/ AV T-060)

Executive Summary

The Partners for Peace (PfP) NATO Workshop on Advanced Magnetic Materials for More Electric
Vehicles and Electric Pulse Power Weapons (AVT-060) was organized with the aim of assessing the
need for improved magnetic materials primarily in future generations of more electric vehicles and (to

a lesser extent) in electric pulse power weapons. Knowledgeable scientists from 8 NATO countries
were represented (Canada, France, Germany, Greece, Hungary, Poland, UK and USA), as were 3 non-
NATO Eastern European countries (Bulgaria, Romania and Russia), plus Austria and Cyprus. The
participants discussed recent advancements in relevant magnetic materials and how further
improvements can be made to achieve the goals stated for military applications.

The first full day of this Workshop was devoted to an exposition of the needs of the user communities,
with the focus on applications for military vehicles, primarily tanks and aircraft. Researchers presented
electric vehicle and weapon concepts and configurations along with potentially enhanced features such
as electric drives, power supplies for external consumers, electric braking and auxiliary subsystems.
These advanced concepts are based on utilizing electric power to drive subsystems that are currently
driven by a complex combination of hydraulic, pneumatic, electric and mechanical power transfer
systems. The lack of hydraulics, homogeneous power supplies, automation and remote control options,
and high reliability are system level benefits that arise from electric air and ground vehicle
configurations. The first day of the workshop ended with a group discussion on the needs of military
vehicle and electric weapon system applications. Table | (page 3) is a compilation of that open
discussion.

The succeeding three and a half days were devoted primarily to reports on a number of recent materials
development programs that have resulted in some significant advances in both hard (permanent) and
soft magnetic materials that function reasonably well at somewhat elevated temperatures. Nevertheless,
there is a continuing need to improve upon the recent successes to produce even higher temperature
materials with higher energy products or higher saturation magnetization, and high mechanical
strength. Additionally, some Workshop participants stressed the need for more advanced measurement
techniques as a key to understanding what really needs to be done. It was generally concluded that
while there has been substantial progress made in magnetics over the last four years, as reflected in the
remainder of this report, there is still a need for higher temperature materials capable of higher energy
products or saturation levels. Corrosion resistance and the need for higher strength were also
emphasized along with the need for improved fabrication and processing techniques.



Atelier OTAN Est-Ouest sur les matériaux
magnétiques pour applications propulsives
(RTO TR-031/ AVT-060)

Synthese

L’atelier AVT 060 de 'OTAN ouvert aux partenaires pour la paix (PpP) sur « Legrimat
magretiques avares pour le dveloppement deehicules militaires exploitant davantageni&rgie
électrique des@eratricesa’ impulsionselectriques », &t organis” dans le but éValuer les besoins
en maeriaux magetiques araliorés, principalement pour de futuresngrations de ehiculesa’ plus

fort composanglectrique et (dans une moindre mesure) pamemgtricesa’ impulsionselectriques.
Etaient pesents : des scientifiquesninents de 8 pays de I'OTAN (le Canada, la France, I'Allemagne,
la Grece, la Hongrie, la Pologne, le Royaume-Uni et les Etats-Unis), ainsi que desenégmts de 3
pays non-NATO de I'Europe de I'Est (la Bulgarie, la Romanie et la Russie) et de I'Autriche et de
Chypre. Les participants ont diseutles derniers proggs Eali®s dans le domaine des eréux
magretiques et de I'approcha adopter pour atteindre les objectifs anmsnpour les applications
militaires.

La premeére jouree de l'atelier &t consa@éa un expos’des besoins des d@ifEnts utilisateurs,
'accentétant mis sur les applications pour leshicules militaires, et principalement les chars et les
aéronefs. Les chercheurs onepeng” des concepts et configurations dehiculeselectriques et de
sysemes d’'armes incorporant dedérhents amliorés tels que les commandetectriques, les
alimentationselectriques pour consommateurs externes, legemsgst de freinageléctriques et leurs
sous-systimes auxiliaires. Ces concepts awensont bas sur l'utilisation de Electricie pour
alimenter des sous-sgshes actuellement mus par une combinaison complexe eéenggstle transfert
d’energie hydrauliques, pneumatiqueslectriques et ®caniques. L’absence d’hydraulique,
d’alimentations homognes, d’automatisation et deéCommandes et une grande fiabilgont autant
d’avantages offerts au niveau |ysEs par des configuratiomdecttriques de ehicules afiens et
terrestres. La premie jouree de I'atelier s’est terma@ par une discussion de groupe sur les besoins
en matere d’applications pour lesshicules militaires et les syshes d’armes.

Les trois jours et demi qui ont suivi oglf ‘principalement consasa I'examen d’un certain nombre
de rapports sur des programmeseants de eveloppement de nmeiaux qui ont permis desaliser des
proges importants dans le domaine deseamatix magetiques rigides (permanents) et souples se
comportant de f&gn satisfaisanta des temgratures relativememiéwees. Cependant, il faudra encore
ameliorer les €alisations &centes pour obtenir des madux Esistanta des temgratures pluglewees
avec des produita plus hauteenergie, une magtisationa plus grande saturation et uresistance
mécanique pluglewee. Aussi, certains participants ont soutidge besoin de disposer de techniques de
mesure plus avaees afin de mieux cerner le preble. Les participantgtaient unanimesa °
reconn#te que malge’les proges considfables eali€s dans le domaine du magsme au cours des
guatre derréfes anaeés, comme eremoigne ce rapport, le besoin existe toujours de disposer de
matriaux Esistanta’ des tem@ratures plulevées et capables de fournir des prodaitglus haute
énergie ou des niveaux de saturation gles€s. Une plus grandesistancea la corrosion, une plus
grande esistance ®canique, ainsi que des techniqueel@rées de fabrication et de traitement ont
égalemenefé soulig®es comme etessaires.
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Foreword

The Partners for Peace (PfP) NATO Workshop on Advanced Magnetic Materials for More Electric Vehicles and
Electric Pulse Power Weapons (AVT-060) was held at Marathon, Greece, 25-30 June 2000. It was organized
with the aim of assessing the need for improved magnetic materials primarily in future generations of more
electric vehicles and (to alesser extent) in electric pulse power weapons. Moreover, after assessing that need, the
Workshop was designed to both review the status of recent advances in relevant magnetic materials and to
discuss how further improvements can be made, e.g., via compositional and/or processing changes, to achieve
the desired magnetic and mechanical properties required at elevated temperatures. Finally, by bringing together
knowledgeable scientists from numerous NATO countries and Eastern Europe, it was hoped that collaborations
would be formed that could hasten the development of the new magnetic materials that are required to optimize
future military and commercia systems. The stated goals for temperatures at which these materials would
operate successfully are 600°C for soft materials and 450°C for hard materials.

The first full day of this Workshop was devoted to an exposition of the needs of the user communities, with the
focus on applications for military vehicles, primarily tanks and aircraft. The succeeding three and a half days
were devoted primarily to reports on a number of recent materials development programs that have resulted in
some significant advances in both hard (permanent) and soft magnetic materials that function reasonably well at
somewhat elevated temperatures. Nevertheless, there is a continuing need to improve upon the recent successes
to produce even higher temperature materials with higher energy products or higher saturation magnetization,
and high mechanical strength. Additionally, some Workshop participants stressed the need for more advanced
measurement techniques as a key to understanding what really needs to be done, and it was stated that the
interaction of microstructure and domain structure would go a long way to determining the ultimate limits that
can be attained.

Among the 27 participants in the Workshop, 8 NATO countries were represented (Canada, France, Germany,
Greece, Hungary, Poland, UK and USA), as were 3 non-NATO Eastern European countries (Bulgaria, Romania
and Russia), plus Austria and Cyprus. The discussions could be considered primarily in the realm of basic
research in the physics, chemistry and materials engineering of magnetic materials. Participants were mostly
from academia and national or defense laboratories, athough 2 were from industrial organizations. Over the
5-day period there was ample opportunity for both formal and informal discussion, and it is anticipated that a
few strong bi-national research collaborations will result.

The program was formulated through a joint effort of Professor George Hadjipanayis of the University of
Delaware and myself, with most of the effort falling on his shoulders. Dr. Dimitris Niarchos of “Demokritos,”
the Greek National Center for Scientific Research, ably handled local arrangements. Funds for the 5 Eastern
European scientists were made available through the NATO PfP Workshop program under the direction of
Mr. Dimitris Stamatopoulos. The bulk of the funding for this Workshop results from grant support from 3 US
Department of Defense organizations located in London: the European Research Office of the Army, the Office
of Naval Research European Office, and the European Office of Aerospace Research and Development.
Additional funding was provided by the Greek Ministry of Defense. We are indebted to al these individuals and
organizations for making this Workshop possible. Finally, it is a pleasure to acknowledge the tremendous effort
made by Dr. Richard (Rick) Fingers in distilling the information presented at the Workshop and preparing the
report you are about to read.

Dr. Harold Weinstock

US Air Force Office of Scientific Research
Physics and Electronics

801 N. Randolph St., Room 732
Arlington, VA 22203-1977

Tel: 1-703-696-8572

Fax: 1-703-696-8481
harold.weinstock@afosr.af . mil
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1. INTRODUCTION

The principal objective of this Partners for Peace Workshop is to foster interaction
between NATO and former Soviet Union engineers and scientists, leading to the
development of advanced magnetic materials that are critical to the improved design
and construction of military electric vehicles and electric pulse power systems.
Workshop contributors provided design issues and magnetic material requirements for
avariety of advanced power systems. Many topics and discussions were at the basic
research level. The workshop forum was conducive to information exchange and a
variety of research collaborations have resulted from the participant interactions. A
list of the workshop participants and their respective contact information is included
as Appendix A of this report. Appendix B is comprised of a complete collection of
the presentation abstracts.

2. TECHNICAL PRESENTATIONS

Following a registration period and a Sunday evening reception, the technical
sessions began Monday morning with a welcome address from the workshop
organizers, Drs. George Hadjipanayis, Dimitris Niarchos, and Harold Weinstock. Dr.
Weinstock of the U.S. Air Force Office of Scientific Research then gave opening
remarks as an introduction to the technical sessions.

2.1 Applications

The aim of this first technical session, “Applications,” was to establish user
requirements and motivation for the remaining sessions. Mr. Wolfgang Brand of
Germany and Mr. Ghassan Khalil of the U.S. Army’s TACOM presented electric
vehicle and weapon concepts and configurations along with potentially enhanced
features such as electric drives, power supplies for external consumers, electric
braking and auxiliary subsystems. Modular subsystems and the arrangement
flexibility of the power distribution system afford further redundancy and the better
utilization of space. The lack of hydraulics, homogeneous power supplies,
automation and remote control options, and high reliability are system level benefits
that arise from all electric vehicle configurations. Military vehicle requirements, and
the application of advanced magnetic materials, and their impact on the vehicle
cooling system were discussed. Dr. Francis Jamet of the French-German Research
Institute of Saint Louis, France presented three types of electric weapons. high power
microwaves, electromagnetic railguns, and electrothermalchemical guns. The energy,
power, voltages, current intensities, and pulse duration characteristics of the electric
weapons were discussed. Examples of weapon energy storage architectures and pulse
forming networks based on the use of capacitor banks and superconducting coils were
analyzed. Also, the needed characteristics of the weapon components such as high
discharge capacitors, switching systems or connection parts were described and the
expected technology improvements affording lower masses and volumes were
examined.

Dr. Rick Fingers of the U.S Air Force Research Laboratory’s Propulsion
Directorate presented the more electric aircraft initiative and related critica
technologies. This advanced concept is based on utilizing electric power to drive
aircraft subsystems that are currently driven by a complex combination of hydraulic,
pneumatic, electric and mechanical power transfer systems. Predicted aircraft
improvements, including a reduction in the required logistics support and an overall
increase in available electrical power were presented. These improvements are to be
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realized with the further development of key technologies, including magnetic
bearings, integrated power units, and starters and generators mounted internal to an
aircraft main propulsion engine.

Dr. Herbert Leupold from the U.S. Army’s Research laboratory discussed
approximations to Halbach structures known as magic cylinders and magic mangles
and presented them as novel applications of permanent magnets in electrical
machinery. These designs, taking advantage of advancements in permanent magnet
materials, have made possible electric generators and motors that are much more
compact, have much less stray field and produce more energy per structured mass
than do conventiona ones. Dr. David Howe from the University of Sheffield,
England gave the final presentation in this session, discussing a variety of novel
applications of permanent magnets. Modular, fault-tolerant, permanent magnet
brushless motors and multi-degree of freedom spherical actuators were discussed.
Tubular, linear brushless motors, flywheel peak-power buffer applications, and
reciprocating moving-magnet actuators for resonant electro-mechanical systems were
presented.

The first day of the workshop ended with a group discussion on the needs of
military vehicle and electric weapon system applications. Table | is a compilation of
that open discussion. It was generally concluded that while there has been substantial
progress made in magnetics over the last four years, as reflected in the remainder of
this report, there is still a need for higher temperature materials capable of higher
energy products or saturation levels. Corrosion resistance and the need for higher
strength were also emphasized along with the need for improved fabrication and
processing techniques.

Table 1 Magnetic material needs corresponding to the more electric
aircraft, electric military ground vehicles, and electric weapon

applications.
MAGNETIC MATERIAL NEEDS
LIFE | MAGNETIC | ELECTRICAL [ MECHANICAL | PROCESSING
More 5000 B=2T witha |Resistivity of |825MPayield |Improved
Electric Hours at | Machine Core |40 to 60 micro- |strength at Powder
Aircraft ~600°C |Lossof <480 |ohm-cmat 300°C Metallurgy
(Soft Mag) W/Kg @5000 |room temp Techniques
Hz, 500°C 700 MPayield
strength at
500°C
More 5000 30 MGOe at Improved Improved
Electric Hoursat |450°C Corrosion Compaction
Aircraft ~450°C Resistance Techniques
(Hard
Mag)
Electric 250- 35 MGOe at Improved Improved
Military 300°C | 250-300°C Corrosion Compaction
Ground Resistance Techniques
Vehicles
Electric 20- Improved Fieldsof 5—10 T are required in 220 —80 mm
Weapons |150°C | Permeability | gap between pole pieces.




2.2 Fundamental and Technical Magnetism

The second technical session, “Fundamenta & Technical Magnetism,” began with
an introduction to magnetism and magnetic interactions by Dr. Henryk Szymczak of
the Ingtitute of Physics, Polish Academy of Sciences in Warsaw, Poland. Dr.
Szymczak illustrated some of the basic interactions governing the properties of
magnetic materials at the atomic scale. The exchange interaction spin orbit coupling,
and the crystal field action on the magnetic electrons are the essential interactions
responsible for magnetic moments, the magnetic ordering temperature, and the type of
magnetic order. Dr. Michael McHenry of Carnegie Mellon University in Pittsburgh,
PA then introduced the physical basis for magnetic anisotropy, in terms of shape,
magnetocrystalline structure and stress. He then presented the Landau theory of
phase transformations and used it to describe important nanocomposites including
HITPERM soft magnets, 2:17 and 3:29 phase hard magnets and spring exchange
magnets. Dr. Alexandre Ermolenko of the Institute of Metal Physics in Ekaterinburg,
Russia presented studies conducted over the last 50 years on rare earth intermetallics
and the physical basis for their magnetic properties. He discussed the peculiarities of
magnetic properties of 3d — 4f metals and binary intermetallics along with exchange
interactions and regularities of the spontaneous formation of magnetic moments.
Also, Dr. Vladimir Menushenkov of Moscow State Institute of Steel and Alloys,
Moscow, Russia presented microstructural changes and coercivity mechanisms of
rare-earth alloys and permanent magnets as a basis for the search for new phases of
advanced magnets. In this effort phase transformations of NdFeB and SmCo alloys
have been investigated with a focus on both the homogeneous and intergranular
regions. A predictive scheme has been developed, based on an analysis of SmCo
crystal lattice parameters, that provides a better understanding of the high coercivity
mechanism obtained for enriched SmCos alloys.

Professor Helmut Kronmuller of the Max-Planck Institute for Metallforschung in
Stuttgart, Germany gave a detailed presentation on magnetic hysteresis to conclude
this session by showing that optimized magnetic materials require suitable intrinsic
material parameters but also well-defined microstructures. Spontaneous polarization,
Curie temperature, anisotropy constants, and magnetostriction are intrinsic magnetic
material parameters. Professor Kronmuller presented the extrinsic properties of the
hysteresis loops as coercive field, remanence, initial susceptibility, and Rayleigh
constant. All of these extrinsic properties depend heavily on the microstructure of the
magnetic material. In the case of small particles or thin platelets, particle size and
shape must also be considered as important extrinsic properties. In soft magnetic
materials, crystalline or amorphous, the interaction between domain walls and the
microstructure plays the dominant role for the hysteresis loop. Either a domain wall
displacement or a rotational process dominates the hysteresis loop. In hard magnetic
materials the hysteresis loops depend closely on the perfection of the grains and the
type of coupling between them.

2.3 Characterization

Characterization was the focus of Wednesday’s technical session. Dr. Mihall
Mikhov of the University of Sofia, Bulgaria presented the classical magnetic
measurement techniques and discussed their associated advantages and disadvantages.
He described the DC Faraday magnetometer, alternating gradient force
magnetometer, and the torque magnetometer as the most popular techniques for
measuring magnetic anisotropy and magnetization levels. He also presented the
vibrating sample magnetometer, SQUID magnetometer, AC susceptometer, and the
hysteresis loop tracer as tools used for magnetic analysis based on flux measurements.
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Dr. Bhanu Chelluri of IAP Research Inc. in Dayton, OH gave an overview of the
dynamic magnetic compaction process, which is an innovative net shape powder
processing technology that uses magnetic pulses as the compaction force. Full
density in several materia systems has been achieved and the resulting magnet
properties, part size and shape, and dimensional tolerances were discussed. With a
compaction time of less than one millisecond, special microstructures and grain sizes
of the starting powders can typicaly be preserved. Both hard and soft magnetic
powders have been compacted for DOD and commercial applications.

Dr. Josef Fidler of the Vienna University of Technology in Wien, Austria
discussed micromagnetic modeling as a methodology to predict the shape and detailed
gpatial arrangement of domains and domain boundaries to determine the magnetic
hysteresis loop behavior. The hysteresis loop is an illustration of the average
magnetization of a magnetic material as a function of external field. The
micromagnetic modeling of the magnetic reversal process of magnetic nanoelements,
which are patterned structures at the submicron level, show that the shape of the
elements becomes an important factor controlling the hysteretic behavior. In the final
briefing of the session Dr. Y uri Pastushenkov of Tver State University in Tver, Russia
discussed magnetic domain structures and the spin reorientation process based on
observed domain configurations and domain wall density calculations. He presented
potential volume magnetization distribution models along with the possibility of the
formation of new type of domain walls.

2.4 Materials

The “Materials’ session on Thursday began with a very detailed presentation of a
comprehensive study on rare earth 2:17 permanent magnets by Dr. George
Hadjipanayis of the University of Delaware in Newark, DE. The four-year systematic
study on precipitation hardened Sm(Co, Fe, Cu, Zr); magnets has resulted in a
complete understanding of the effects of composition and processing on their hard
magnetic properties. The ratios of elemental constituents were varied and the
associated effects were related to resulting complex microstructures and quantified in
terms of coercivites and temperature dependencies. Processing parameters were also
varied and presented along with the corresponding microstructures and magnetic
behaviors.

Dr. Tony Arrott provided the subsequent presentation, which focused on the
importance of iron to the history of soft magnetic metals for power applications. Iron
has the highest magnetic moment per unit volume or per unit mass and it is readily
available. Comparatively speaking it is aimost free. Therefore, the challenge is how
to make iron better without making it a significant portion of the cost of the motor,
generator, or transformer. The primary approach over the past 50 years has been to
purify it and to enlist the help of other cheap elements such as silicon to improve
metallurgical properties with minimal degradation to magnetic behavior.

Dr. L. Varga of the Research Institute for Solid State Physics and Optics in
Budapest, Hungary then discussed nanocrystalline soft magnetic alloys and their
application in power electronics. Two families of nanocrystalline alloys were
investigated: Finemet type and Nanoperm type. Specia tailoring of the hysteresis
loop characteristicsis necessary for electronic applications. Field annealing and stress
annealing were two methods discussed to accomplish transversal or longitudinal
induced anisotropy leading to the desirable tailored hysteresis loops. Dr. Sara
Majetich from Carnegie Mellon University in Pittsburgh, PA described how the AC
magnetic properties of nanoparticles are related to those of nanocomposites made by
compaction. An AC version of the Stoner-Wohlfarth model was used to predict the
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hysteresis curve depending on particle size, anisotropy, and temperature. A modified
version of this model was used to describe the compacted nanocomposites as well,
despite the presence of interactions among the grains. Dr. Karl Unruh of the
University of Delaware in Newark, DE discussed fiber reinforced soft magnetic
alloys. He presented them as an approach to obtain both superior magnetic and
mechanical properties for high temperature applications. Iron-cobalt coated
continuous fibers were prepared and analyzed. The current project emphasis is to
expand this promising approach in order to fabricate larger test specimens and
components. Dr. Siu-Tat Chui of the Bartol Research Institute, University of
Delaware in Newark, DE gave the fina presentation of the session and focused on
optimizing the energy product of nanocomposite magnets at finite temperature. He
discussed an approach to model the coercive behavior of nanocomposite hard and soft
multi-layer magnets.

2.5 Novel Processing

The final technical session, “Novel Processing” was comprised of two
presentations. Thefirst, given by Dr. H. Chiriac of the National Institute of Research
and Development for Technical Physics in lasi, Romania, pertained to magnetic
annealing as a method for inducing a macroscopic magnetic anisotropy with a
predetermined easy direction. This anisotropy is characterized by a preferred
direction that is parallel with the direction of an applied field during annealing. Dr.
Chirtac also presented magnetic annealing techniques for amorphous and
nanocrystalline materials in the shape of ribbons, wires, and glass covered amorphous
wires. Dr. Michel Trudeau of Emerging Technologies, Quebec, Canada has
investigated and presented electrodeposition processes and suggests that for iron and
iron-nickel alloys, this technique can be used to synthesize dense samples with a
crystalline size as low as 5 to 7 nanometers. By controlling various electrodeposition
parameters this electrolytic process can be a major fabrication technique for large-
scale development of dense nanostructured materials.

3. MAGNETIC MATERIAL NEEDS

Magnetic material and property needs, based on the various power applications,
were discussed and segregated into soft electromagnet and permanent hard magnet
behavior. Even though an attempt was made to avoid qualifying statements such as,
“better...stronger...higher,” when describing the needed magnetic material
improvements, we found that it was often difficult to specify autonomous
performance characteristics. Typically, engineering trade-off analyses must be
conducted to examine the complete system, or subsystem, and compromises are made
between core loss, strength, thermal stability, and creep resistance to obtain an
optimized system. With an overal improvement in mechanical, electrical, and
magnetic behaviors in mind, some specific quantities were established as important
characteristics to target and some approaches were suggested as potential methods to
meet the requirements of advanced electric air, ground, and weapon systems. Table 2
lists many of the research focus areas that may help to afford these advanced magnets.

The bottom-line needs for both permanent and soft magnetic materials are coupled
to the specific high temperature applications discussed during the first day of the
workshop. As listed in Table 1, soft magnets must maintain their structural and
magnetic integrity for at least 5000 hours at nearly 600°C to satisfy some of the more
stringent requirements of the more electric aircraft. Machine core loss is obviously a
function of the operating parameters as well as the geometry and material properties.
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A core loss goal of 480 W/Kg at a frequency of 5KHz, an induction of 2 T, and an
operating temperature of 500°C has been established for some the more electric
aircraft applications. As resistivity is inversely proportional to the eddy current loss
component of the total core loss, an increase from 40 to 60 micro-ohm-cm at room
temperature has been stated to contribute to the overall machine loss reduction.
Frequency range needs to be considered for al of the applications and the loss
mechanisms need to be considered. Individual eddy current and hysteretic loss
components and their respective contributions to the total core loss need to be
understood for each application. Hysteresis loop tuning is a needed capability to
achieve a magnetic material’s response tailored to a specific application.
Advancements in bulk amorphous magnets are needed to explore the possibility of
attaining higher operating frequencies suitable for electronic device applications.

Improved overall mechanical properties are needed for many of the advanced
applications discussed at the workshop. A soft magnet yield strength need of 700
MPa at 500°C has been established as well as a yield strength of 825 MPa at about
300°C. The limited capacity for radial growth of the rotor, due to the small air gap
distances between machine rotor and stator poles, alows for minimal tolerance for
time dependent creep deformation. Although creep characterization and modeling of
various rotor configurations is continuing, the initial limit for steady-state creep
deformation has been established as 2 x 10 hr* for a life of 5000 hours at 600 MPa
and 550°C. Corrosion resistance is also a requirement for many of the applications
involving hot humid air and salt water environments. Better protective coatings are
needed for corrosion resistance as well as for electrical insulation within laminated
structures and also for high temperature winding insulation systems.

Compaction techniques need to be further studied and advanced in order to
fabricate better magnets from nanomaterials, ribbons, and fibers. Scaling is also an
issue pertaining to both hard and soft magnetic materials. Techniques need to be
explored to extend magnet producibility and improve affordability when transitioning
from the laboratory specimens to useful component-sized magnets. Magnetic and
microstructural modeling and simulation is also needed to optimize the final magnet
synthesis and fabrication processes.

Specific permanent magnet needs were emphasized at the workshop. All electric
wheeled and track ground vehicles require higher energy product magnets than
currently available to be used to deliver more torque at the drive wheels. A 35 MGOe
magnet is needed for arelatively large diameter pancake motor. The rotor diameter is
approximately 60 cm and rotates at about 3000 rpm, which corresponds to the vehicle
maximum ground speed. The desired operating temperature is between 250°C and
300°C. Corrosion resistance is also a key issue for these ground vehicle applications.
Magnetic bearing systems could benefit from the lower weight and reduced feedback
controls associated with permanent magnet designs if the high temperature
capabilities were increased. The bottom line need for hard magnets is an energy
product of 30 MGOe, at an operating temperature of 450°C, for a life of 5000 hours,
without degradation to mechanical behavior.

Reproducible soft and permanent magnets with these specified performance
characteristics would meet current magnetic material needs, while increasing
significantly the number of potential applications throughout the Department of
Defense as well as commercial markets. Table 2 highlights some of the specific
technology areas suggested during the final discussion period of the workshop as
potential approaches to meet some of the military specific needs. In the past emphasis
has been on advancing the state of the art of magnetics by improving the magnetic
characteristics. Today, many designers are placing emphasis on maintaining the
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magnetic properties while increasing maximum operation temperatures.
Instrumentation needs are for higher temperature characterization capabilities. Also,
the associated instrumentation is needed for new processing techniques and advanced
modeling and simulation. With emerging microstructure control processes and
nanoengineering techniques, it may be feasible to design an application dependent
magnet. The best magnet at room temperature may not necessarily be the best magnet
at the desired operating temperature. New magnets being developed for many of
today’ s advanced applications must be characterized at elevated temperatures.

Table 2 Magnetics research and development focus areas suggested as
opportunities to address specific military applications.

MAGNETICS RESEARCH STILL NEEDED

MATERIALS MAGNETIC PROPERTIES NEEDS |INSTRUMENTATION
NEEDS HARD SOFT NEEDS
 Improved » Higher energy | Frequency range |+ High temperature
mechanical product (BH) (study loss characterizations
properties  Lower required | mechanisms) » New processing
 Improved corrosion | magnetizing * Hysteresisloop technologies
resistance fields tuning » Modeling and
» Compaction of » Hybrid magnets |« Bulk amorphous | simulation tools
nanomaterials, (shape materials
ribbons, and fibers | anisotropy) » Simulation and
 Scaling e Simulationand | modeling tools
technologies modeling tools
 Higher resistance
* Protective coatings
» Simulation and
modeling tools

4. POTENTIAL COLLABORATIONS

4.1. Mikhov-Niarchos

Drs. Mihail Mikhov and Dimitris Niarchos will collaborate on an investigation of
magnetic properties of new rare-earth intermetallics that are promising hard magnetic
materials. Dr. Mikhov’s research team from the University of Sofia, Bulgaria, will be
responsible for the synthesis of single crystals of fine particles of the alloys as well as
for investigating the magnetic anisotropy by Forrier decomposition of the associated
hysteresis loops. Dr. Dimitris Niarchos' research team at the Demokritos Institute of
Athens, Greece will be mainly engaged with the production, X-ray and electron
microscopy characterization, and low temperature magnetization investigations of the
samples.



4.2. McHenry-Varga

Drs. Michael McHenry and L. Varga have made preliminary arrangements for a
collaborative effort on the investigation of new early transition metal substations for
Zirconium in the recently developed HiTPerm soft magnetic materials. Dr. Varga and
his research team at the Research Ingtitute for Solid State Physics and optics in
Budapest, Hungary are well known for their investigation of Finemet type and
Nanoperm type nanocrystalline alloys and also for their expertise rapid solidification
processing. Dr McHenry and his research team at Carnegie Mellon University in
Pittsburgh, PA have developed the HiTPerm soft magnetic alloy and are well known
for their investigation of nanocrystalline alloys. Together the teams will develop the
new HiTPerm derivations; cast wider melt spun ribbons and investigate stress induced
pair order anisotropy.

4.3. Chdluri-Varga

Drs. Bhanu Chelluri and L. Varga have initiated a collaborate effort to compact
Nanoperm type soft magnetic materials for high frequency applications. Dr. Varga
and his research team at the Research Institute for Solid State Physics & Optics at the
Hungarian Academy of Sciences, Budapest, Hungary have much experience with
Nanoperm type alloys as well as with high frequency power electronics. Dr. Bhanu
Chelluri of IAP Research Inc. Dayton, Ohio has become an internationally recognized
expert in the area of dynamic magnetic compaction. Together, the research teams
plan to synthesize a Nanoperm type material and investigate the magnetic and
mechanical behaviors of a bold magnet fabricated by the DMC process.

4.4. Hadjipanayis-Ermolenko

Drs. George Hadjipanayis and Alexandre Ermolenko are planning a collaborative
effort on exchanged-coupled, high-coercivity hard magnets using mechanical alloying
and ball milling. Dr. Hadjipanayis research team at the University of Delaware has
gained international recognition for their complete understanding of the effects of
composition and processing on permanent magnet properties. Dr. Ermolenko and his
research team at the Institute of Metal Physicsin Ekaterinburg, Russia are well known
for their study and development of intermetallic magnetic aloys and the
corresponding physical properties. The scientific objective of the collaboration is to
obtain new information about the physical mechanisms responsible for the formation
of mechanically induced, non-equilibrium, metastable structural states of
ferromagnetic materials. Also, the formation of defects and their evolution in
crystalline materials during and after heat treatment will be investigated. Structural,
phase, and chemical transformations at the various stages of mechanical alloying and
ball milling will be studied. This information is important to increase the energy
products of exchanged-coupled magnets.

4.5. Chiriac-McHenry

Drs. H. Chiriac and Michael McHenry have discussed a collaborative opportunity
in which field annealed protocols would be determined for HiTPerm soft magnetic
material. Dr. H. Chiriac and his research team at the National Institute of Research
and Development for Technical Physicsin lasi, Romania are very well know for their
expertise in BMI applications, sensors, and wire fabrication. Dr. McHenry and his
group at Carnegie Mellon University in Pittsburgh, PA have developed the HiTPerm
soft magnetic alloy and are well known for their investigations of nanocrystalline
alloys. Together, the research teams will develop further the HiTPerm soft magnetic
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aloy by developing field annealing protocols and studying the BMI effect in
HiTPerm wires.

4.6. Menushenkov-Fingers

Drs. Vladimir Menushenkov and Richard Fingers are considering a collaborative
effort to search for new high performance hard magnetic materials. Dr. Menushenkov
and his research team are internationally recognized for their phase transformation
research at the Moscow State Institute of Steels and Alloys, in Moscow, Russia. Dr.
Fingers and his researchers have experience with both soft magnetic FeCo alloys as
well as Sm-Co and Nd-Fe-B based alloys and sintered magnets. Together, the
research teams will further study the evolution of microstructure and coercive force of
Sm-Co and Nd-Fe-B based aloys. Attempts will be made to increase both energy
product and operation temperature of these sintered magnets.
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APPENDIX A —PRESENTATION ABSTRACTS

1. All Electric Vehicle
Wolfgang Brand
BWB-Koblenz, Germany

Abstract

Benefits of electrical energy and progressin electrical technologies:
The main characteristic of the “All Electric Vehicle” (AEV) is the overal use of
electric energy for all functions of the vehicle. If there are combat missions involved
like survivability and lethality, we talk about an “All Electric Combat Vehicle”
(AECV). Heresfter, the abbreviation AEV for both applications will be used.
The AEV systems may have the following configurations:
- Pure eectric: only eectric supply components are used (e.g. battery or fuel
cell)
- Diesel or turbo electric: the prime mover isadiesel engine or gas turbine
- Hybrid electric: a vehicle with the capability to run either by generated or
stored electrical energy.
In principle these AEV features and performances to be addressed are;
- electric drive of the vehicle
- supply of command, control, communication and information systems,
- electric brake and regeneration of braking energy,
- electric supply of auxiliary subsystems like fan drives and actuators,
- electric supply of additional electric consumers within the vehicle,
- electric power supply of external consumers,
- electric power supply for electric weapons like electric guns or directed
energy like Laser, High Power Microwave and electric armor.

Why are great efforts made to investigate the field of AEV?
The reason is the growing importance of electrical systems based on the physical
characteristics of electric energy allowing:
- elementary electrical conversions, distribution, control,
- simple and effective interaction with chemical processes (e.g., ignition of
internal combustion engines or ammunition),
- simpletransformation (e.g. into force, heat, light).
Thus, many benefits arise, e.g., for componentslike
- power distribution and power summation at will (allowing free arrangement
of components),
- modular subsystems (redundancy and better utilization of space),
- lack of hydraulics (no hazardous liquids, clean compartment);
and for systems like
- homogeneous power systems,
- energy management including peak-power,
- manifold growth potential,
- automation, remote control, robotics,
- highreliability, internal diagnostics,
- beneficia life-cycle costs (maintenance free, low wear, high efficiency),
- lesstraining,
- auxiliary power supply.
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These benefits have been well known for more than 100 years. Many applications
and technical solutions have been created since the beginning of the industrial age, but
areal success and breakthrough could not be achieved for along time. Thanks to the
progress made in the fields of electronic controllers, computers, permanent magnets
and power electronics during the last thirty years, new electrical technologies now
allow electrical equipment with sufficient power and energy density for use in
vehicles. In addition, electrical storage components also have improved tremendously.
New electro-chemical storage media such as improved batteries, as well as flywheel
energy storage systems with electrical input and output provide an improved basis to
supply electrical vehicle systems.

Following are some examples of this progress:

We dl are aware of the tremendous worldwide use of electronic controllers,
processors and computers. They are essential to take full advantage of the AEV.
Concerning magnetic materials the maximum energy density (given by the BH
product) has improved by a factor of 40 in comparison to steel. Nearly within the
same time frame, power electronics also have improved by a similar amount. A
further big step in performance will be expected utilizing the emerging SIC
technology.

Components/Concepts for AEV:

Electrical machines base on permanent magnet (PM) material for excitation have been
in use for quite some time. But their insufficient energy density did not allow for
beneficial vehicle integration. This also applied to power electronics. Improved
technologies now permit the realization of high-power and hi-energy drive
components such as electric generators, motors, power converters, controllers and
power management units.

The DC power link plays a very important role in the electric architecture of the AEV.
Here, the electric energy is available to its largest extent. First, there must be energy
storage to start the prime mover. Once the engine is running, the full power of the
generator can be used for driving. A multi-engine concept also is feasible. The
processor control unit governs the operation and additionally provides power
management for the AEV.

This describes the common AEV system. But regenerative braking and the high-
energy/high-power storage system, either a flywheel or a battery, provides additional
power. Only an electrical system alows the easy combination of these power
sources, creating new AEV features and performances which are not feasible with
conventional vehicle systems. Additional subsystems for AC and DC power units,
such as those needed for weapons-naturally being very important for the mission-only
participate as consumers.

The essential components for mobile systems using new magnetic materials and
several AEV concepts-wheeled or tracked-are discussed in terms of their benefits for
weight, volume, efficiency, and technical and military performance.

Finally, examples of actual electric vehicles are presented.

Conclusion
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The AEV system utilizes a single form of energy and provides one basic technology
in a homogeneous design for power generation and regeneration, and for the power
supply of al subsystems. The drive and mission components, even the control
elements and sensors, form a homogeneous system structure assuring direct
interaction with power management and mission-control devices. In addition, new
high-power energy storage systems allow for new features such as peak-power
management for highly-improved dynamic mobility, survivability and silent watch.

Several commercial vehicles and military prototypes are already on the road being
tested in order to evaluate and improve electric-drive technologies. New magnetic
materials are an essential key element for those AEV systems. But additional effort is
still necessary to improve the design and performance of Permanent Magnet
machines. Therefor, the following areas for further work are addressed.

Requirements Consequences
* high remanence B[] * hightorque M [Nm]
* highintrinsic coercive force Hcj[kA/m] « high stability against demagnetizing
» high specific energy product fields
(B* H)[kJ/m3] * high power capability or low
* high thermal resistance construction volume
* high electrical resistivity » demagnetization only at high
 high resistance against humidity and temperatures
reagents * low losses by eddy currents
» low dependence on temperature of: * long life and corrosion resistance
* remanence B, » decrease of temperatures causes lower:
* intrinsic coercive Force Hg; * reversible reduction of the B-field
* beneficial mechanical features (e.g. * irreversible damages of magnets at
sturdiness, flexural strength) higher temperatures

» long life, simple mechanic construction

It is hoped that this workshop will give beneficial inputs to accel erate adequate
Permanent magnet material development programs.
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2. Electric Weapons

Dr. F. JAMET and Dr. P. LEHMANN
French-German Research I nstitute of Saint-Louis

Abstract

The presentation will be devoted to three types of weapons:
- High power Microwaves (HPM),
- ElectroMagnetic Railguns (EM),
- ElectroThermalChemical (ETC) guns.

The characteristics of the weapons, in the frame of conventional military applications
will be examined in order to determine the specifications for the electric pulsed power
supplies: energy, power, voltages, current intensities, pulse duration/rise/decay time,
etc.

For HPM weapons, 1us to 10us current pulses of ore than 10kA and voltage levels of
100kV to 1 MV are necessary. For EM railguns the electrical energy necessary for
one shot ranges between 1 MJ and 50 MJ, depending on the military application, and
the current reaches several MA. Examples of energy/power storage architectures and
pulse forming networks based on the use of capacitor banks and superconducting coils
will be analyzed.

The needed characteristics of the components such as high discharge capacitors,
switching systems or connection parts will be described and the expected technology
improvements allowing to lower the masses and volumes will be examined.

Finally, we shall describe in details the 10 MJ ISL railgun facility in order to give an
overview about the main issues of such weapons. The electrica dliding contact
studies, the barrel technology as well as the used measurement techniques will be
presented. We also shall show examples of numerical ssmulation of the EM behavior
of the rails-armature coupling.
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3. Thermal Management in Power Systems

Ghassan Khalil
U.S. Army TACOM
Warren, Ml

Abstract

Electric drives have been investigated through the 20" century for their potential
advantages in vehicle propulsion. In every attempt military and commercial vehicle
developers always concluded that electric power is adequate but presents challenges
that must be overcome prior to application. With the evolution of the technology
several advances have been made which have placed electric and hybrid electric
drivesin the forefront of the candidates of future power and energy alternatives.

Two of the most important achievement-promoting advancements for electric drives
are advanced magnetic materials with high energy product, thus high torque and
power densities and power semiconductors. Devices with higher power density,
higher efficiency, better therma performance, improved reliability and lifetime, and
better control characteristics have recently been developed. However, the silicon-
based power devices have a limited operating temperature range (less forgiving than
the magnetic materials) and require arelatively low temperature coolant. This adds a
cooling burden to the powertrain and presents a great challenge to the vehicle
integrators.

This paper discusses the military vehicle requirements, the application of advanced
magnetic materials and their impact on the cooling system. It also covers the
promising approaches to overcoming the cooling issues.



A-6

4. MoreElectric Aircraft

Drs. R. T. Fingersand A. M. Janiszewski, USAF
Propulsion Directorate, Air Force Research Laboratory
Wright-Patterson Air Force Base, OH

Abstract

A national initiative is underway to develop and test more electric aircraft (MEA)
technologies and is being led by the U.S. Air Force Research Laboratory at Wright-
Patterson Air Force Base, Ohio. The MEA concept is based on utilizing electric
power to drive aircraft subsystems which are currently driven by a combination of
hydraulic, pneumatic, electric and mechanical power transfer systems. A major
objective of this effort is to increase military aircraft reliability, maintainability and
supportability and to drastically reduce the need for ground support equipment.
Conventional aircraft secondary power systems, addressing the auxiliary, starting, and
emergency power requirements are comprised of complex, high maintenance, hybrid
subsystems. Mechanical, electrical, hydraulic, and pneumatic power systems are used
to transfer power from the point to generation to the final utilization. The combined
logistics to support these subsystems is substantial. Based on rapidly evolving power
electronics, fault tolerant electrical power distribution systems, and electric driven
flight control actuator systems, increasing the use of electric power is seen as the
direction of technological opportunity. Predicted aircraft improvements, including a
reduction in required logistics support and an overall increase in available electrical
power, will be presented. These improvements will be realized with further
advancement of key MEA technologies, including magnetic bearings, aircraft
integrated power units (1PU), and starter/generators (1S/G) internal to an aircraft main
propulsion engine. These advanced developments, as well as ground and space power
applications, will be discussed, as they are the driving force for the new emphasis on
high temperature and high strength magnetic materials for power applications.



A-7

5. Novel Applications of Permanent Magnetsto Electrical Machinery

Dr. Herbert A. Leupold
Department of Physics
U.S. Army Research Laboratory
West Point, NY

Abstract

Advances in permanent magnet materials and design technology have made possible
electrical generators and motors that are much more compact, have much less stray
field and produce more energy per structural mass than do conventional ones. The
simplest of these are essentially rotating Halbach structures (or magic cylinders) with
electric coils in their interior cavities. Slightly more complex are counter-rotating,
nested Halbach structures which feature less eddy current loss than the simpler
configurations of the same mass and output.

Approximations to Halbach structures known as magic mangles afford consideralbe
reduction in the movements of inertia of the rotating parts thereby resulting in greater
rotational responsiveness. Also brittle magnet materials are subject to much less
stress in mangles that in equivalent cylinders thus affording much higher rotational
frequencies. Magic mangles are much easier to manufacture than the equivalent
magic rings though at the expense of small losses of magnetic field. Comparisons
made with more conventiona structures favor the magic mangles. In one case a
magic mangle generator produces seventy five percent more voltage with only one
fourth the structural mass of a comparable conventional configuration. Similar
advantages exist for the other cylindrical and mangle type embodiments indicating
potential advantageous applications in missiles, spacecraft, airborne vehicles, and
portable surface devices.

Also discussed in this presentation is a variety of other promising electro-mechanical
devices and components such as field-gradient activators, permanent magnet rotors
with gradual azimuthal periodicity in orientation, and novel magnetic bearings.
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6. Novel Applications of M agnets

Professor David Howe
Department of Electronic and Electrical Engineering
University of Sheffield
Sheffield, United Kingdom

Abstract

As a consequence of recent advances in permanent magnet materials, as well as
developments in power electronics and digital control technology, many new and
novel designs of machine/actuator are emerging for applications in different
market sectors. The presentation will focus on research which is being undertaken
a the University of Sheffield on some specific permanent magnet
machine/actuator systems.

Modular, fault tolerant, permanent magnet brushless motors. The phase
windings are magnetically, electrically and physically isolated, and can be
designed to limit the short-circuit current to the rated full-load current of the
machine, which is conducive to fault tolerance. Further, since only alternate stator
teeth carry coils, such motors are conducive to low cost modular construction.
Thus, they are appropriate for both safety critical and cost-sensitive applications,
such as aircraft flight control surface actuation, integrated start-alternator and
traction drives, and marine propulsion. However, precautions have to be taken to
minimize rotor induced eddy currents.

M ulti-degree-of-freedom-spherical actuators. Controlled motion of a spherical
permanent magnet rotor with multi-degrees-of-freedom is achieved by employing
a diametrically magnetized rotor and three orthogonal pairs of stator coils-to
facilitate ‘pan and tilt' excursions of +/-45°, or a 4-pole parallel magnetized rotor
and four sets of non-orthogonal coils- to additionaly facilitate continuous
rotation. By elimination the need for a separate motor/actuator for each axis, asis
generally required for multi-degree-of-freedom actuation systems, the dynamic
performance is improved, whilst the system is both lighter and more efficient.
Potential applications include robotics, flexible manufacturing, active vision
systems and force-feedback joysticks.

Halbach magnetized per manent magnet brushless motors: The combination of
a multiple Halbach magnetized rotor and a stator with a non-overlapping
(concentrated) winding offers several potential advantages, such as an inherently
sinusoidal airgap field distribution and emf waveform, and a very low cogging
torque. Thus, likely applications include servo motors, for which a potentially
low cost manufacturing route is the injection moulding of Halbach orientated
anisotropic bonded NdFeB ring magnets from HDDR-derived moulding
compound.

Tubular, linear brushless motors: Tubular motors comprise a multi-pole
permanent magnet thrust rod and a moving coil thrust block. By employing a two-
phase iron-cored thrust block, both a high thrust force capability and a high
closed-loop position bandwidth can be achieved, enabling direct-drive linear
motors to complete with more traditional methods for generating controlled linear
motion, in applications such as high-speed packaging/manufacturing. Tubular
motors impose negligible net radial force on the bearing system and have no end-
windings, which is conducive to low copper loss. However, design optimization
is required to minimize the cogging force which results from slotting (slot-pitch
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equals pole-pitch) and the finite length of the laminated iron cores of the thrust
block, whilst consideration should be given to the level of the eddy current loss
which isinduced in the thrust rod during high speed operation.

Flywheel peak-power buffer for electric/hybrid vehicles: The incorporation of
a peak-power buffer in the power-train of electric/hybrid vehicles could
significantly enhance their performance and improve consumer acceptance, by
making acceleration/regenerative braking largely independent of the state-of-
charge of the batteries, extending the cycle-life of the batteries and increasing the
vehicle range-by enhancing power-train efficiency. One potential technology is a
high-speed flywheel, based around a cylindrical fibre composite rim, with an
integral brushless motor/generator for converting kinetic energy to electrical
energy, and vice-versa, and which is supported on active/passive magnetic
bearings. However, particular consideration must be given to minimizing power
losses so as to obtain a high "round-trip’ efficiency and to limit the temperature
rise of the rim, which rotates in a high vacuum so as to minimize the aerodynamic
loss.

Reciprocating moving-magnet actuators for resonant electro-mechanical
systems. ‘By matching the system compliance to the total moving mass, and
thereby making the mechanical resonant frequency coincident with the electrical
excitation frequency maximum displacement of the moving-magnet armature and
the coupled load and maximum system efficiency are achieved. The high-energy
product to mass ratio of rare-earth magnet materials can be exploited to advantage
in such actuators. Potential applications include air-compressors, fuel pumps,
artificial heart devices, etc.
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7. Introduction to M agnetism-M agnetic | nteraction

Henryk Szymczak
Institute of Physics, Polish Academy of Sciences
Al. Lotnikow 32/46, Warsaw, 02-668, Poland

Abstract

Some basic interactions governing the properties of magnetic materials at the atomic
scale are discussed on an introductory level. The essential interactions determining the
magnetic moments, the temperature of magnetic ordering and the type of magnetic
order are the exchange interactions, spin-orbit coupling and the crystal field action on
magnetic electrons. The relative importance of each interaction term may strongly
differ from one system to another due to different behavior of magnetic electrons. It
will be shown that all magnetic interactions can somehow depend on the lattice
distortions and therefore contribute to the magnetoelastic energy (and consequently-
to the magnetostricition). The two non-local effects related to the demagnetizing
fields and to the magnetostrictive self-energy are shown to have strong effect on the
magnetic domain structure and on extrinsic properties of magnetic materials.
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8. Magnetic Anisotropy

Dr. Michael McHenry
Materials Science and Engineering Department
Carnegie Mellon University
Pittsburgh, PA

Abstract

The physical basis for magnetic anisotropy, in terms of shape, magnetocrystalline, and
stress (magnetostrictive) aminsotropies will be introduced with emphasis on the
quantum mechanical origin of magnetic anisotropies. The Landau theory of magnetic
phase transformations will be introduced. Within the language of the Landau theory
energy density, terms describing magnetocrystalline and magnetoelastic anisotropies
will be illustrated. Each of these will be developed with an example of a current
magnetic material which is important to power application (or actuation). The
temperature dependence of magnetic anisotropy will be developed within this
framework. A local Landau theory will be described and used to illustrate important
magnetic nanocomposites (soft/soft, hard/hard, and hard/soft). These illustration will
include HITPERM soft magnets, 2:17 and 3:29 phase hard magnets, and spring
exchange magnets. Surface and interfacial anisotropies will be discussed using
nanocomposite ideas.
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9. Rare Earth Intermetallic Compounds

Dr. A.S. Ermolenko
Institute of Metal Physics, Ural Brunch of RAS
Sofia Kovalevskaya St., 18, Ekaterinburg, 620219, Russia

Abstract

The studies of the physical properties of rare earth intermetallics began in 1950-th
years, and the interest to this subject does not weaken up to now. The intermetallics
between rare earth and 3d transition metals occurred to be especialy interesting and
attractive.  The permanent magnets and the magnetostriction materials with
outstanding properties were developed on their base. These properties are realized
due to the confluence of two kinds of ions with 3d and 4f unfilled electron shells into
one 3d-4f intermetallic. Namely this kind of rare earth compounds is a main subject
to consideration in the present lecture.

The following topics will be touched:

1. The peculiarities of magnetic properties of 3d-4f metals.

2. The main types of the binary 3d-4f intermetallics.

3. Two-sublattice magnetic structures of 3d-4f intermetallics.

4. Exchange interaction and regul arities of spontaneous magnetic moment formation.
5. The magnetocrystalline anisotropy and the magnetostriction.

6. The orientational magnetic phase transitions.

7. Alloyage influence on magnetic properties of 3d-4f intermetallics.
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10. Microstructural Changes And Coercivity Or Rare-Earth Alloys And
Permanent Magnets (The Search For New Phases For Advanced M agnets)

Drs. V.P. Menushenkov, A.S. Lileev, A. G. Savchenko
Moscow State Institution of Steel and Alloys (Technological University),
117936, Maoscow, Leninsky prospect 4

Abstract

The influence of the phase transformations in Sm-Co and Nd-Fe-B based alloys and
sintered magnets during heat treatment on their hysteresis properties are discussed.
The main attention is focused on both the homogeneity regions of the phases and the
intergranular regions. After an analysis of the crystal lattice parameters of the SmCos.
«x alloys and sintered magnets a hypotetic scheme of phases transformations and the
boundary of homogeneity region are proposed. This scheme is compared and
discussed wit that previously obtained in other studies. The use of this scheme
provides the better understanding of the structural mechanism of high coercivity
obtained for the SmCos based alloys enriched in Sm or Co. The evolution of the
microstructure and coercive force during heat treatment are considered.

One of the unsolved question in the understanding of the properties of Nd-Fe-B
sintered magnets is the role of heat treatment in the 450-600°C range in developing of
coercivity. Both the role of surface of the Nd,Fe;sB grains and the intergranular
regions are analysed. Numerous investigations have been performed to study the
phase composition and microstructure changes in the intergranular regions. The space
lattice parameters of the Nd.FeisB phase vary unmonotonously with annealing
temperature. After analysis of the hydrogen concentration in as-cast Nd-Fe-B alloys
sintered and heat treated magnets the effect of hydrogen in Nd.Fe;sB and
intergranular Nd-rich phasesis discussed. The study of model aloys of Fe-Nd system
showed that their high coercivity is attributed to the metastable highly anisotropic A1
phase forming during eutectic reaction. The structural changes in Nd and Nd-Fe
alloys and the influence of A; phase in coercivity of FE-Nd alloys and Fe-Nd-B
magnets are considered.

The phase transformations in higher magnetic energy density Nd-Fe-B films with
axial crystalline texture along the normal to the sputtering plane are discussed. The
films were produced by ion-plasma sputtering of as-cast targets. The evolution of the
microstructure and coercive force of the sputtering films during heat treatment are
analyzed.

In the search for new high performance hard magnetic materialsit is desirable to look
for Fe-Co based alloys with higher than 83 at. % transition metal concentrations. The
magnetic properties of some rare earth (Yb)-Co-Fe-Mn aloys are compared and
discussed.
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11. Magnetic Hysteresis

Professor H. Kronmuller
Max-Planck-Institut fur mMtallforschung
Heisenbergstr. 1,D-70569 Stuttgart, Germany

Abstract

During the last few decades a large number of high-performance magnetic materials
have been developed covering a wide range of permeabilities and coercivities.
Permeabilities up to~10° have been developed for nanocrystalline systems based on
transition metals and coercivities up to 4 Tesla for sintered and nanocrystalline
intermetallic compound of rare earth metals. The basic properties of magnetic
materials are their intrinsic material parameters as spontaneous polarization Js, Curie
temperature Tc. Anisotropy constants K; and magnetostriction As Usually, in general
large values of Js and T¢ are required for all types of magnetic materials whereas K;
and As should be as small as possible for soft magnetic materials and rather large for
hard magnetic materials. The extrinsic properties of the hysteresis loop as coercive
field Hc, remanence J;, initia susceptibility X, and Rayleigh constant aR depend
sensitively on the microstructure of the material and in the case of small particle and
thin platelets also on the size and shape. The characteristic properties of the
hysteresis loop Xo, He, 0are the most exciting properties because their values may
vary over 6 orders of magnitude, which results from the relation between intrinsic
properties and the microstructure.

In soft magnetic materials, crystalline or amorphous, the interaction between domain
walls and the microstructure plays the dominant role for the hysteresis loop. For the
case of dislocation it is shown that these govern domain pattern as well as the
magnetization processes.

In nanocrystalline magnetically soft materials as FINEMET, instead of domain wall
displacements rotational processes dominate the magnetization process. Due to the
random anisotropy effect in such systems a drastic decrease of the effective
anisotropy constant takes place if the domain wall width exceeds the diameters of the
grain size.

Whereas in crystalline soft magnetic materials the statistical theory of domain wall
pinning give a quantitative interpretation of X, Hc, 0r in the case of nanocrystalline
materials the micromagnetic theory of the random anisotropy of statisticaly
distributed easy directions alows a quantitative description of the properties of the
hysteresis loop.

In hard magnetic materials as sintered and nanocrystalline magnets or individual
single domain particles the hysteresis loops depend sensitively on the perfection of
grains and the type of coupling between them. By means of computational
micromagnetism on the basis of the finite Element Technique the demagnetization of
three characteristic nanostructures have been simulated: i0 Magnetically decoupled
grains due to a paramagnetic intergranular phase. ii) Magnetically exchange coupled
grains with grain boundaries of reduced material parameters. iii) nanocrystalline
composite systems where magnetically soft iron grains are magnetically hardened by
exchange coupling with hard magnetic grains.
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From these results detailed information for the tailoring of hysteresis loops by well-
defined microstructures has been obtained. It shown that optimized magnetic
materials requires suitable intrinsic material parameters but also well defined
microstructures. Bu characteristic examples of modern magnetic materials the
correlation between magnetization processes, magnetic structures and the
microstructure are demonstrated.
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12. Magnetic M easurement Techniques (Classical M ethods)

Dr. Mihail Mikhov
Faculty of Physics, “St. KI. Ohridski” University of Sofia
1164- Sofia, Bulgaria

Abstract

Mechanical forces on the magnetic moment placed in a homogeneous or non-
homogeneous magnetic field and the magnetic field created in the space around the
magnetic moment give the varieties of the direct methods for magnetic measurements.
DC Faraday magnetometer (magnetic balance), Alternation Gradient Force
Magnetometer and Torque Magnetometer are described as most popular techniques
for magnetization and magnetic anisotropy studying, based on the force
measurements.  Vibrating Sample Magnetometer, SQUID Magnetometer, AC
Susceptometer and Hysteresis Loop Tracer are given as examples of very commonly
used methods, based on the flux measurements. The advantages and the limitations of
the methods, such as senditivities, accuracy, dynamic ranges, sample sizes,
temperature and field ranges are noted. The influence of the demagnetizing field on
the magnetization (m vs. H) curvesis also briefly commented. Thetalk is not dealing
with different methods for interpretation of the experimentally obtained quantities.
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13. Dynamic Magnetic Compaction (DM C) of Soft and hard magnet Powders

Dr. Bhanu Chdlluri
|AP Research Inc
2763 Culver Ave

Dayton, Ohio

Abstract

Dynamic Magnetic Compaction (DMC) is an innovative net shape powder pressing
technology that uses magnetic pulse forces to achieve full density in several material
systems. Since the compaction duration isless than 1 millisecond, important dynamic
effects occur in the powders which, when combined with the full density, yield
properties for high performance. Additionally, special microstructures and grain sizes
of the starting powders can be preserved after DMC compaction. Different types of
magnet powders are being compacted using this technology for DOD and commercial
applications. Amongst soft magnet powders these include resin coated soft iron
powders for ignition core applications and nano iron-cobalt powders for high
temperature DOD applications. In the hard magnet area, powders of SmCo (2:17) are
being investigated for better mechanical and magnetic properties for high temperature
DOD applications, bonded neo magnets for higher performance commercial
applications and compaction of nano magnet powders such as Prig Cog; powders. In
this presentation, an overview of the process, the properties of various compacted
materials, technology features such as size, shape and dimensional tolerances that can
be achieved in finished parts will be described.
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14. Microstructure and M agnetic Domains

Dr. Josef Fidler
Vienna University of Technology
Institute of Applied and Technical Physics,
Weidner Hauptstr. 8-14, A-1040 Wien, Austria.

Abstract

The development of new hard and soft magnetic material, the increasing information
density in magnetic recording and the miniaturization in magnetic sensor technology
lead to an increasing interest in the interaction between microstructure and magnetic
domain structure. The shape and the detailed spatial arrangement of domains and
domain boundaries determine the magnetic hysteresis or magnetization curve, which
describes the average magnetization of a magnetic material as function of the external
field. The trend towards nanocrystalline of magnetic materials and the improved
availability of large scale computer power are the main reasons why micromagnetic
modeling has been developing extremely rapidly in order to simulate the influence of
the shape and the size of grains, of their magnetic intrinsic parameters, and of
precipitates on the formation of magnetic domains.

Micromagnetic modeling of the magnetization reversal process of magnetic
nanoelements which are patterned structures at the submicron level show that the
shape of elements become an important factor controlling the hysteresis. The
worldwide interest in these elements is their potentia for possible future application
in high-density magnetic data storage and microsensor applications. For use as
patterned magnetic media each nanoelement would storage one bit. Thin films with
exchange coupled nanocrystalline grains such as permalloy or cobalt will be used to
fabricate the nanoelements. The physics of rea magnetic materials and ultra small
devices, such as patterned media, spin-valve devices and spin tunnel junctions, is
complex, and the understanding of the magnetic switching behavior is of great
interest. Over recent years the investigation of nanostructured elements has become
more advanced due to improvements in numerical micromagnetic methods on the
theoretical side and high accuracy fabrication methods, such as electron beam
lithography and focused ion beam techniques.

The search for novel soft and hard magnetic materials for high temperature advanced
power applications and for magnets with highest energy density values is worldwide
an active area of research. The nucleation and expansion of reversed magnetic
domains and the pinning behavior of the magnetic domain walls are the factors
determining the coercive field or hysteresis of such materials.

This work is partly supported by the Austrian Science Fund projects P13260-TEC,
13433-PHY and Y 132-PHY and the EC project HITEMAG (GRD1-199-11125).
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15. Magnetic Domain Structure and Spin-Reorientation Process

Dr. Yu. G. Pastushenkov
Physical Department
Tver State University
Zheliabova St. 33, 17000 Tver, Russia

Abstract

Magnetic phase transitions, in general, are of considerable interest to the scientific
community [1]. It is of great interest to study the phase transition occurring in the
single crystals of intermetallic compounds since they offer other variety of magnetic
for thistype of study. From this point of view the tetragonal intermetallic compounds
Nd,FesB, R(Fe,Co)11Ti (R=Th,Dy) are of outstanding interest. By the change of
magnetic constant they demonstrated all possible types of magnetic anisotropy (easy
axis, easy cone, easy plane, easy axis +easy plane) and also the magnetic phase
transition between them [2-4]. Therefore the intermetallic compounds Nd,Fe;4B and
R(Fe,Co)11Ti are good models objects for study of the physical picture of magnetic
phase transitions in tetragonal magnetic. On the other hand they are the main bases
for the manufacturing of modern high-energy permanent magnets. In this sense the
investigation of magnetic phase transition in tetragonal compounds is also very
important for the best understanding of temperature dependence of demagnetization
processesin Nd-Fe-B and Sm-Fe-Ti permanent magnets.

The domain structure was investigated in the spin-reorientation region on the (100)
and (001) planes and arbitrary oriented surfaces of Nd>Fe 4B and R(Fe,Co)1:Ti single
crystals with nonuniaxial magnetocrystalline anisotropy by means of the
magnetooptical Kerr effect. The magnetic phase diagram of a tetragonal magnetic is
calculated theoretically and the effect of domain structure on the nature of the phase
transition is investigated. Domain wall density calculations have been performed for
the same domain wall orientations in tetragonal magnetics with al types of non-
uniaxial magnetic anisotropy. On the basis of the observed domain configuration and
domain wall density calculation the possible models for the volume magnetization
distribution and possibility of new domain wall types formation in tetragonal
magnetics with “easy cone” and “easy plane” anisotropy have been discussed [4].

It was found that in Nd.Fe;4B single crystal by low-temperatures the coercivity of
different domain walls essentially depends on their type and orientation. The role of
the new domain wall types in the low-temperature magnetization reversal process in
Fe-Nd-B permanent magnets is discussed.

[1] D.-X. Chen, V. Skumryev, H.Kronmuller Phys.Rev. B (1992). V.46. P.3496-3505.
[2] Yu. G. Pastushenkov, A. Forkl, H. Kronmuller: J. Magn. Magn. Mater.174 (1997),
278.

[3] Pastushenkov Yu. G., Suponev N.P., Dragon T., Kronmuller H.
JMagn.Magn.Mater, 196/197 (1999) 856-858.

[4]Pastushenkov Yu. G., Suponev N.P. Proceedings of Moscow International
Symposium on Magnetism MISM’ 99, June 20-24, 1999. Part 1. P.384-387.
Keywords: Domain structure, Magnetic phase transition, Single crystal, Permanent
magnet
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16. Rare Earth 2:17 Permanent M agnets

Dr. George C. Hadjipanayis
Department of Physics and Astronomy
University of Delaware, Newark, DE

Abstract

During the last four years we have undertaken a comprehensive and systematic study
on precipitation hardened Sm(Co,Fe,Cu,Zr)z magnets and we are now in a position to
completely understand the effects of composition and processing on their hard
magnetic properties. Their high coercivity is due to a complex cellular/lamellar
microstructure consisting of 2:17 R cells surrounded by 1:5 cell boundaries,
superimposed on a thin lamella phase (Z phase). This microstructure causes domain
wall pinning at the cu substituted 1:5 cell boundaries because of a reduction in their
domain wall energy, due to the Cu substitution. Higher ratio z leads to larger cells as
expected due to the larger amount of the 2:17 phase. For a fixed Cu content, this
trandlates to a larger amount of Cu in the 1:5 cell boundaries, and therefore, to a
higher coercivity. Magnets without cu, but with Zr, have the cellular/lamellar
microstructure. However, the coercivity of the magnets is almost zero due to the lack
of alarge gradient in domain wall energy across the 1:5 boundaries. Cu substitution
leads to a dlight decrease in cell size. Magnets with higher Cu have higher room
temperature coercivity but poor temperature dependence of coercivity. Zr is critical
in the formation of uniform cellular and lamellar microstructures. In Zr free samples,
the lamellar microstructure is not formed, and the larger amount of Cu is needed to
form the cellular microstructure. For higher Zr, a 2:7 phase is formed leading to a
deterioration of magnetic properties. Increasing Fe contdent results in the formation
of uniform cellular/lamellar microstructures with a larger cell size. This trandates to
a larger Cu content in the 1:5 cell boundaries and thus to a higher coercivity. For
higher Fe, the coercivity sharply drops because of the deterioration of the cellular
microstructure and magnetic properties of the 2:17 PHASE. In genera, the
homogenized magnets have a featureless microstructure with the hexagona 2:17
phase. However, for the homogenized magnets with higher Cu and Zr content, a
microstructure consisting of 1:5 precipitates embedded in the 2:17 matrix is observe.
In the latter magnets, a shorter aging at 850°C followed by subsequent quenching is
enough to develop a high coercivity of over 22 kOe. The results of all of these studies
clearly show that Cu and Zr are important elements in developing and stabilizing a
uniform cellular microstructure, and the Cu mainly controls both the coercivity and its
temperature dependence.

This work is supported by the Air Force Office of Scientific Research under Grant
No. MURI F49620-96-0403
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17. 1t All Starts With Iron

Dr. A. S. Arrott
Department of Physics
Virginia State University
Petersburg, VA

Abstract

Edison attributed progress to 2 percent inspiration and 98 percent perspiration. In the
electrical power industry under Edison the inspiration may have been as high as that,
but for most of the last century it has been almost entirely perspiration that has led to
advances in the use of soft magnetic metals for motors, generators and transformers.

In technology there is a chain linking theory, phenomenology, experiment and
practice. In principle each of these feeds into its neighbor in the chain, but in
electrical machinery based on soft magnetic metals, it seems that the experiments feed
outward sin both directions without much feedback. There are many reasons for this.
There are matters of the many disciplines involved, the complexity of the problems
and the extremely wide range of length scales to be considered. The electrical power
industry concerns range from atoms to real estate, from Dirac’s equation to Federal
Regulatory Commissions. What ever happened to research in magnetism at (Over the
past fifty years engineers and scientists have been replaced by lawyers at places like
General Electric Westinghouse)?

The thesis of this presentation is that there is a fundamental cause for all of the above.
It isiron. Iron has the highest moment per unit volume or per unit mass and it is so
readily available that it is aimost free. So the history of soft magnetic metals for
power applications, to be reviewed, is that of how to make iron better without making
it asignificant part of the cost of the motor, generator or transformer. The main path
has been to purify it to get rid of the bad guys and to enlist the help of other cheap
elements such as silicon to improve the metallurgical properties with a minimal
reduction in magnetic moment and a substantial increase in electrical resistivity.
More recently another cheap element, boron, has been used to change the crysta
structure from body-centered-cubic (dlightly tetragonal) to amorphous to
nanocrystalline composites from the partial recrystallization of amorphousiron alloys.



A-23

18. Nanocrystalline Soft M agnets

Drs. L.K.Varga” and F. Mazaleyrat?
Y Research Institute for solid State Physics and Optics
1525 Budapest P.O.B. 49, Hungary
JLESIR, Ecole Normale Superieure de Cachan, 61
Av.Pres.Wilson 94235 Cachan, France

Abstract

Nanocrystalline soft magnetic alloys will be presented and their application in power
electronics will be discussed. These nanocrystalline (nc) aloys are prepared by
proper heat treatment of an amorphous precursor containing both grain nucleating
(Cu) and grain growth inhibiting (early transition metal, ETM: Zr, Nb, etc.) elements.
Two families of these nc alloys have been investigated so far; the Finemet type,
(Ferzs Sizs5xBxNbsCuy, x=7 and 9) and Nanoperm type, (Fe(Co)g2-x-y--ZrxNbyB,Cus,
x=2, 7, y=3.5, 4, z=2-85). (The version with Co replacement of Re is called
HiTperm).

These two-phase granular magnets composed of magnetic nanosized crystallites
embedded in residual amorphous matrix shows interesting magnetic phase transitions
evolving through strongly-coupled ferromagnetic, weakly-coupled *“super”-
ferromagnetic, superparamagnetic and paramagnectic states as a function of
temperature. These transitions will be exemplified by the characteristic changes in
the hysteresis loop characteristics (saturation magnetization, remanence ratio,
coercive field, initial permeability) as a function of temperature. Special attention is
paid to the explanation of the Hopkinson peak of the initial permeability, which limits
the applicability of these soft magnetic materials well below the Curie temperature of
the residual amorphous matrix. We report here a large (300-400 K) increase of the
decoupling (T.°™) temperature with increasing crystalline fraction in Nanoperm type
aloys. Thisisin contrast to the Finemet type alloys where T.°" varies severa 10 K
only around the original as cast amorphous T, when the amorphous precursor is
annealed around the first crystallization peak.

For electronic applications specia tailoring of the hysteresis loop characteristics is
necessary, which can be accomplished by transversa or longitudina induced
anisotropy’s. For Finemet type aloys, the activation energy of field induced
anisotropy is around 3 €V while that of the stress induced anisotropy is around 4 eV.
By field annealing a relatively small amount of induced anisotropy, Ku~10-50 Jm®,
can be introduced only, useful in suppressing the do bias sensitivity of transformer
cores. By stress annealing however, alarge induced anisotropy, up to Ku~4000 J/m?,
can be achieved, which beside excellent high frequency characteristics, makes
possible the application in power electronics as well like fly-back converters and
smoothing chokes where storing of magnetic energy is necessary.

It is attempted that the cheap iron based nanocrystaline alloys should replace part of
ferritesin the forthcoming years.
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19. From Nanoparticles To Nanocomposites

K. Humfeld, A. K. Giri, K. M. Chowdary, S. Yamamuro, and Dr. S. A. Mgetich
Department of Physics
Carnegie Mellon University
Pittsburgh, PA

Abstract

Here we describe how the AC magnetic properties of nanoparticle are related to those
of noanocomposites made by compaction. We start with an AC version of the Stoner-
Wohlfarth model and show how the phase lag of the magnetization relative to the
applied field leads to hysteresis or superparamagnetism, depending on the particle
size, anisotropy, and temperature. These predictions are compared with experimental
results for a 0.1% volume fraction sample of highly monodisperse 7nm Fe
nanoparticles at low temperature.

In contrast to this system with isolated, non-interacting grains, we also investigated a
nanocomposite made by compaction of similar Fe nanoparticles. The frequency
dependence of the coercivity, permeability, and power loss for a sample with an
average grain size of 10nm was measured between 77 and 473 K. Our AC magnetic
model was modified to describe the nanocomposite as well, despite the presence of
interactions among the grains. Here the volume was the exchange coupled volume
rather than the particle volume, and the anisotropy was an effective value rather than
the bulk magnetocrystalline anisotropy. The AC response of the nanocomposite is
found to have two contributions, from magnetically isolated and magnetically coupled
grains.

Related composites of Fe;pCog nanoparticles were studied over a temperature range
of 77-773K. Here Lorentz microscopy of sectioned nanocomposites shows evidence
of magnetically coupled regions. The temperature dependence of the effective
anisotropy and the exchange length found the fits to the experimental data are
presented, and discussed in terms of the random anisotropy model. We conclude with
predictions of requirements for improved high temperature soft magnetic materials
based on nanocomposites.
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20. Soft Magnetic Materialsfor High Temperature Applications - Bulk Alloys,
Nanocrystalline Alloys, and Fiber Reinforced Composites

Dr. K.M. Unruh
Department of Physics and Astronomy
University of Delaware
Newark, DE

Abstract

Soft magnetic materials with superior high temperature magnetic and mechanical
properties will play an important role in enabling a number of next generation
aerospace technologies.  Unfortunately, no known single phase material can
simultaneously meet the anticipated requirements of alarge saturation induction, large
permeability, and low core loss in combination with high mechanical strength and
creep resistance at temperatures as high as 600°C. As aresult, it now seems likely
that in order to meet this goa a composite material will be needed in which the
necessary magnetic and mechanical properties are associated with different
constituents.

After reviewing the status of the best currently available commercial FeCo alloys, the
preparation and properties of two different classes of composite materials will be
described: nanocrystalline FeCo based Finemet-type materials and FeCo coated
continuos W fibers. While each of these materials exhibit superior high temperature
magnetic properties, it appears that the FeCo coated W fibers offers the most
promising approach for also achieving high temperature mechanical strength and
creep resistance.
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21. Optimizing the Energy Product of Nanocomposite Magnets At Finite
Temperature
Dr.S. T. Chui
Bartol Research Ingtitute
University of Delaware
Newark, DE

Abstract

We discuss the coercive behavior of nanocomposite magnets. The focus will be on
optimizing the energy product of these systems. We discuss results of finite
temperature Monte Carlo ssmulation for the switching field of multi-layers of hard
and soft magnets. (J. Appl. Phy. August, 2000) These switching fields are usually
larger than the depinning field of the domain walls in the same systems that we
previously calculated (J. Phys. Conds. Matt.11, 2719 (1999)) and have a different
dependence on the soft layer thickness. In the former case, the switching field goes
down as the soft layer thickness is increased. In the latter case the depinning filed
increases first and flattens off. Similar results also hold for three dimensional
systems. In this case the depinning field exhibits a maximum as a function of the soft
layer thickness. The implication of this on designing the maximum energy product
will be discussed. The effect of finite temperature and the dipolar interaction will be
included.
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22. Magnetic Annealing

Dr. H. Chiriac
National Institute of Research and Development for Technical Physics
47 Mangeron Blvd.
6600 lasi, Romania

Abstract

Magnetic annealing-the thermal treatment of a magnetic material at a temperature
below Curie temperature-generally results in the induction of a macroscopic magnetic
anisotropy with a predetermined easy axis direction. The interaction between
magnetic moments and micro-structural topology favors the formation of atomic pairs
in adirection, which isrelated to the orientation of constituent magnetic moments.

The anisotropy induced by magnetic annealing is characterized by a preferred
direction, which is parallel with the field direction during annealing. The magnitude
of the induced anisotropy constant is a function of time and temperature of the
treatment. Normally, this induced anisotropy is reversible and can be removed by
other annealing applying the magnetic field in another direction. The origin of the
field-induced anisotropy has been ascribed to the formation of atom pairs aligned
along a preferred direction determined by the direction of the applied magnetic field
during annealing.

The magnetic annealing can be applied by increasing the temperature of the sample,
which is introduced in an oven and applying a magnetic field by means of one
solenoid, coils or electromagnet. Another possibility is to heat the sample passing a
current through it (Joule heating), used also for the production of a circumferential
magnetic field or by applying from outside a supplementary one.

New results on the magnetic annealing in amorphous and nanocrystalline materialsin
the shape of ribbons, wires, and glass-covered amorphous wires are presented.
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23. Nanostructureed Magnetic Material Using Electrodeposition Processes

Dr. Michel L. Trudeau
Emerging Technol ogies, Hydro-Quebec
1800 Boul. Lionel-Boulet, Varennes
Quebec, Canada

Abstract

The last ten years have clearly revealed the technological potentials of nanostructured
materials. However, the developments in some technological fields are still in
desperate need of synthesis processes that can generate large amount of fully dense
nanostructured products. This is the case for instance for soft magnetic materials. It
has been shown a number of years ago, that by decreasing the average crystal size of
soft magnetic materials in the nanometer regime, it is possible to reduce drastically
their magnetic losses. However, many studies done in recent years have demonstrated
that large-scale soft magnets can not be obtained by the densification of
nanostructured powders. On the other hand, a number of works have shown that by
controlling the current profile during electrodeposition and through the addition of
grain growth inhibitors, it is possible to control the nucleation and growth of the
deposited materials. Dense samples, with a crystalline size as low as 5 to7 nm, can
thus be synthesized. Compared to other techniques, pulse-electrodeposition has
received little attention as a synthesis method for producing large quantities of fully
dense nanostructured materials. In this work we will discuss the syntheses of soft
magnetic materias, in particular Fe and Fe-rich Fe-Ni alloys obtained by controlling
different electrodeposition parameters. These examples will demonstrate that
electrolytic processes can be the magor synthesis technique for large-scale
development of dense nanostructured materials.
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