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MAGNETIC META-MATERIALS FOR ELECTROMAGNETIC APPLICATIONS

1. Terms and Objectives

The research program Magnetic Meta-Materials for Electromagnetic Applications, which was

supported by DARPA during the period July 2001 - May 2005, pursued the following objectives:

(a) To develop the next generation nanocomposite permanent magnets with up to a twofold
increase in (BH)y (> 60 MGOe). .

(b) To significantly improve the magnetic properties of existing advanced magnets with (BH)in
close to their theoretical limit and with higher operating temperatures Top.

(¢) To develop soft magnetic nanocomposites for high temperature (Fe-Co/W) and high
frequency (artificial ferrites) applications.

(d) To incorporate these magnets into systems/devices, for military and commercial applications.

2. Program Coordination and Participants
Joint efforts of the Meta-Materials team were coordinated by Prof. G.C. Hadjipanayis from the
University of Delaware. The participating groups represented:
* Universities
- University of Delaware (group leaders: G.C. Hadjipanayis, J.Q. Xiao, K.M. Unruh and S.T.
Chui)
- University of Dayton (S. Liu and C.H. Chen)
- Carnegie Mellon University (S. Majetich)
* National laboratories
- Naval Research Laboratory (D. Papaconstantopoulos)
* Industry
- Electron Energy Corporation (J.F. Liu)
- Advanced Ceramic Research (R. Vaidyanathan)
- Materials Modification Inc. (T.S. Sudarshan)
- Nanopac Inc. (W. Mayo)
- Hamilton Sundstrand (D. Halsey)

3. Research Projects
The Program addressed two most significant groups of magnetic materials, hard and soft. The

following specific materials were focused on:

 Hard magnetic materials
- Nanocomposite magnets consisting of a mixture of hard and soft phases (Nd,Fe 4B / Fe and
Sm2C017 / Fe)
- Hybrid magnets consisting of a mixture of two hard phases, one with higher magnetization
( Nd-Fe-B / SmyCoy7, Pr-Fe-B / PrCos and Pr,Coy7 / PrCos)
- High-temperature magnets (Sm,Pr)(Co,Fe,Cu,Zr),

¢ Soft magnetic materials
- Artificial ferrites (Fe / SiO,, Fe / Polymer / SiO,, amorphous Fe(B) / crystalline Fe(B) and

nanocomposites).

4. Approaches and Techniques
4.1. Synthesis Techniques




Amorphous, crystalline and nanocrystalline precursors for hard and soft magnetic materials were
produced by the following conventional and novel techniques:

- Arc-melting under Argon,

- Conventional ball milling,

- High-energy ball milling (HEBM) including mechanical alloying,

- Melt-spinning,

- Chemical reduction,

- Sonochemical decomposition of Fe(CO)s.

4.2. Consolidation Techniques

Fully dense nanocomposite and hybrid magnets were obtained (in addition to a conventional
sintering) via:

- Hot Pressing,

- RF Rapid Inductive Compaction (UDRI),

- Transformation Assisted Consolidation (Nanopac Inc.),

- Plasma Pressure Consolidation (Materials Modification Inc.),

- Combustion Driven Compaction (Utron, Inc.)

4.3. Texturing Techniques

The following techniques were studied in an attempt to induce or improve fexture in the

nanocomposite magnets:
- Hot plastic deformation of consolidated melt-spun and HEBM alloys (R-Fe-B and R-Co),

- Melt-spinning of R-Fe-B alloys in a magnetic field,

- Magnetic annealing of amorphous melt-spun and HEBM alloys (R-Fe-B and R-Co),

- Stress annealing of melt-spun R-Fe-B alloys,- Directional crystallization of melt-spun R-Fe-B
alloys through a laser annealing

4.4. Nanocomposite Hard Muagnets

Nanocomposite magnets consisting of high-coercivity and high-magnetization components were

manufactured through the following approaches:

(a) Consolidating electroless Co(Fe)-plated Sm-Co powders.

(b) Consolidating blends of Fe and Sm-Co particles.

(d) Hot deformation of R-lean R-Fe-B nanocomposites during phase transformation (R = rare
earth).

(e) Search for the additions favoring texture development in R-lean R-Fe-B nanocomposites
during hot plastic deformation.

(f) Consolidating and hot-deformation blends of R-lean and R-rich R-Fe-B powders.

(g) Consolidating and hot-deformation blends of Fe and R-rich R-Fe-B powders.

(h) Consolidating and hot-deformation blends of Fe(Co) and R-rich R-Fe-B powders.

(i) Preparation and study of high coercivity bulk FePt by diffusional mixing of an Fe/Pt
nanocomposite.

4.5. Hybrid Hard Magnets




Hybrid magnets consisting of dissimilar high-coercivity components were obtained though the

following approaches:

(a) Consolidating blends of single-crystalline (Nd,Dy).Fe 4B and (Pr,Sm)Cos powders.

(b) Consolidating blends of milled die-upset Nd-Fe-B magnets and milled Sm-Co-Fe-Cu-Zr
sintered magnets.

(¢) Die-upsetting blends of melt-spun Pr-Fe-B ribbons and PrCos nanocrystalline powders.

(d) Die-upsettind RCos / R,Co;7 magnets consolidated from HEBM alloys.

4.6. High-temperature Magnets

High-temperature magnets were developed though the following approaches:

(a) Optimization of the heat-treatment of Sm(Co,Fe,Cu,Zr), magnets.

(b) Pr-substitution for Sm in Sm(Co,Fe,Cu,Zr), in order to increase room-temperature (BH)max.

(¢) Solidification of Sm(Co,Fe,Cu,Zr), alloys in a high magnetic field.

(d) Coercivity studies in Sm(Co,Fe,Cu,Zr), magnets.

(e) Coercivity studies in model Sm-Co-Cu, Sm-Co-Fe-Cu and Sm-Co-Fe-Cu-Zr bulk-hardened
alloys.

The following approaches were also studied in an attempt to induce magnetic hardness in

additions-free (pure binary) Sm;Co,7 alloys:

(f) Plasma bombardment by Ar ions,

(g) Sonochemical treatment with high power ultrasonic process,

(h) Neutron irradiation.

4.7. Soft Magnetic Materials

The approaches to obtain advanced soft magnetic materials and metaferrites with high saturation

magnetization and low power loss were:

(a) Identifying the role of reactant concentrations, reaction temperature, pH, and m1x1ng rate on
the incorporation of B into Fe nanoparticles prepared by NaBH, reduction of Fe** ions.

(b) Compacting CoFe, Co, FeNi nanoparticles coated with suitable ferrites or other insulating
materials to achieve exchange coupling among metallic nanoparticles.

(¢) Controlling the shape of magnetic entities to minimize demagnetization effect and eddy

current effect.

5. Results ‘
5.1. The most significant technical achievements in hard magnetic materials

(a) Developed anisotropic exchange-coupled RyFesB / a-Fe and RyFe 4B / Fe-Co nanocomposite
magnets with (BH)m > 50 MGOe. Thus, the achieved maximum energy product of the
nanocomposite magnets almost reached that of the best sintered Nd-Fe-B.

(b) Developed anisotropic magnetostatically coupled R;FeisB / a-Fe and RyFe;sB / Fe-Co
composite magnet with improved (BH), made out of coarse (0.04 - 2.0 mm) soft powders.
This result proves that, contrary to the common belief, a magnetostatic coupling may play a
favorable role in improving magnetic hardness and also it points out the importance of a
morphology of soft inclusions in hard / soft magnets.



(c) Discovered a strong effect of a small Cu and Cu-Ga addition on the texture development in
die-upset RyFe14B / a-Fe nanocomposite magnets and developed anisotropic RyFe 4B / a-Fe
nanocomposite magnet with less than 11.8 at.% R made out of blend of R-lean and R-rich
melt-spun alloys. According to the traditional belief, only the alloys with more than 11.8 at.%
R are susceptible the texture development.

(d) Developed anisotropic SmyCo17 / a-Fe nanocomposite magnets with (BH), > 31 MGOe. This
result demonstrates the effectiveness of consolidation of a hard / soft powder blend.

(e) Developed isotropic SmyCoy7 / Fe-Co nanocomposite magnets with (BH), > 14 MGOe.
Compared to the commercial 2:17 Sm-Co magnets at high temperatures, the nanocomposite
magnets have higher Curie temperature, better thermal stability and better mechanical
properties, and therefore can be used for applications with special requirements, even for
isotropic magnets.

(e) Developed procedures for the reliable and reproducible preparation of elemental nano-
crystalline (nx) Fe and Pt powders and nx-Fe / nx-Pt nanodispersions. The goal is to achieve a
single hard magnetic phase with an enhanced energy product by exchange coupling.

5.2. The most significant technical achievements in soft magnetic materials

(a) Developed a method of producing large quantity magnetic nanoparticles (Co, Fe-Ni, etc.). The
Co particles with the average size 4.7 nm have been obtained by a NaBH, reduction.

(b) Developed a method of coating metallic magnetic nanoparticles with a thin layer of NiFe,0,
or SiO,.

(¢) Developed exchange-coupled soft magnetic materials with flat permeability spectrum up to at
least 100 MHz. The materials exhibit permeability of about 16, saturation induction of about
1.6 T, saturation field of about 2 kOe, and quality factor around 100.

(d) Developed economical viable process to convert metallic particles into flake structure with
lateral dimension of a few to several hundred microns and submicron thickness. The flake
structure effectively minimized demagnetization and eddy current effect.

(e) Developed high-frequency, high-power, low-loss soft magnetic composites based on
laminated submicron Fe flakes. The composites those surpass all current soft magnetic
materials exhibit flat permeability spectra up to about 50 MHz with permeability of about 70,
saturation induction of about 1.6 T, and saturation field of about 2 kOe.

(f) Obtained Co nanowire arrays with texture controlled during fabrication. At above 10 GHz, the
arrays permeability around 10-20 with loss tangent less than 0.1.

(g) Developed procedures for the reliable and reproducible preparation of elemental nx-Fe and
nanoamorphous (na) Fe(B) powders and two-component nx-Fe / na-Fe(B) nanodispersions.

(h) Obtained nx-Fe / na-Fe(B) nanodispersions that exhibit a coercivity lower than either
constituent and with a magnetization near that of single phase nx-Fe.

5.3. The most significant scientific achievements

(a) Discovered a universal correlation between the magnetic state of Sm(Co,M)s alloys (M = Cu
or Cu-Fe) and the increase of their /. with a low-temperature aging.

(b) Discovered that the dramatic magnetic hardening of Sm(Co,Fe,Cu)s alloys in a narrow range
of aging temperatures is associated with an increase in the Curie temperature and not
accompanied by a the heat-treatment of Sm(Co,Fe,Cu,Zr), magnets detectable phase



transformation. The atomic reordering suggested by the theory, due to the change in preferred

atomic site occupancies, may be responsible for the dramatic increase in coercivity.

(c) Understood betterthe bulk magnetic hardening behavior with and without phase separation in
Sm(Co,Cu)s.73. Development of the coercivity in the magnets with the cellular structure may
be quantitatively explained considering only the evolution of their 1:5 matrix phase. It is
suggested that domain wall pinning in the 2:17 magnets takes place within triple junctions of
the 1:5 cell boundaries, rather than at the 2:17 / 1:5 interface.

(d) Studied the structure evolution in 2:17 Sm-Co magnets with High-Resolution TEM,
Mossbauer Spectroscopy and Extended X-ray Absorption Fine Structure (EXAFS). A beetter
understanding of the structural mechanism in bulk magnetic hardening may lead to a
breakthrough in the development of improved or novel hard magnetic materials.

(e) Theoretically studied the magnetic anisotropy in SmCos and derivative structures.

- Identified the microscopic origins of the high magnetic anisotropy energy (MAE) as (i) a
high MAE of the Co subsystem coming from a peak in the density of states at the Fermi
level and (ii) high MAE of the Sm f-shells due to the interplay between the spin-orbital
interaction and the crystal field.

- Explained the positive effect of Zr on the MAE of Sm,Co,7 in terms of the relative sizes of
Zr, Co, and Sm atoms and related that to the crystal field magnitude of Sm.

- Found that Fe doping affects MAE primarily via the Fermi level shift. The calculations
showing an increase of the MAE at small Fe concentrations and a rapid decrease for
concentrations of Fe larger than 10 - 15% are consistent with existing data on Y(Co,Fe)s.

- Evaluated the effects of the hydrostatic compression/expansion and c¢/a ratio on MAE. The
effects are found to be too small to be of practical interest.

- Found a non-monotonic dependence of the saturation magnetization of SmFe,Cos.x on the
Fe concentration. The effect can be explained using an extended Stoner theory.

- Found that magnetism suppression by Cu depends on the preferential occupation:
suppression of total M by one Cu per cell is 0.5 pp stronger when Cu occurs in the SmCo,

plane.
- Found that exchange coupling for the Co-Co interaction is always long-range.

6. The most promising directions of a future search for advanced permanent magnets

Modification of existing phases / microstructures

- The interstitially modified Sm,Fe 7Ny compound has excellent combination of the intrinsic
magnetic properties (4nMs = 15.4 kG, Ha = 140 kOe, Tc = 476 oC). However, because of
its poor structural stability at the elevated temperatures this compound has only very limited
application in bonded magnets. Development of an appropriate consolidation technique
may open the way for its widespread application as a fully dense high-performance
permanent magnet.

- Tuning microstructure / microchemistry in 2:17 magnets may improve their performance at
the elevated temperature and, possibly, extend the operating temperature range of these

magnets beyond 500 °C.



Nanocomposite / composite materials.

Though the highest obtained (BH)m of the nanocomposite magnets (55 MGOe) is still somewhat
smaller than that of the best sintered magnets (59 MGOe), the theoretical (BH)m for anisotropic
nanocomposites is 120 MGOe. In the novel magnetostatically coupled composite magnets, the
requirements for a grain size are not as strict as in the exchange-coupled materials.
Magnetostatically coupled and magnetostatically-assisted exchange-coupled hard-soft magnets is
a new unexplored area.

Search for new compounds with high saturation magnetization and anisotropy field.

So far only binary and some ternary compounds have been investigated. There is still a good
chance that out of many combinations (quaternary and higher) a new phase can be found with

better performance.
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Abstract

Exchange coupled (Pr,Tb);(Fe,Nb,Zr),4B/a-Fe nanocomposites have been produced by melt spinning. A trend for
perpendicular and planar c-axis orientation of the 2:14:1 phase was observed in the free surface of ribbons spun at
speeds below 10m/s and at optimal speeds, respectively. Higher wheel speeds led to the formation of an amorphous
phase that transformed to 2:14:1 phase around 680°C. Optimum magnetic properties were found in samples spun at 14—
17m/s and annealed at 700°C for 20 min. The loop squareness was also found to depend mainly on the microstructure
that is very sensitive to the sample composition. A few percentage of Nb and Zr suppressed the grain growth, resulting
in a drastic improvement of magnetic properties, with approximate 50% enhancement in the intrinsic coercivity and an
increase in maximum energy product from 5.6kOe and 14.7MGOe for the (Nb,Zr)-free sample to 8.2kOe and
20.3 MGOe for the (Nb,Zr)-substituted samples, respectively. The significant improvement in magnetic properties
originated from a much finer and homogeneous nanocomposite microstructure with an average grain size of 20 nm,
leading to a high remanence of 0.73 M;. Henkel plots indicate the enhancement of exchange coupling between hard and
soft magnetic phases.
© 2002 Elsevier Science B.V. All rights reserved.

PACS: 75.50.Tt; 75.50.Ww 81.05.Ys; 81.40.Ef

Keywords: Nanocomposite magnet; Melt-spinning; Microstructure; Magnetic properties

content of the expensive rare-earth elements [1-4].
However, the maximum energy product of nano-
composite magnets obtained experimentally up to
now was significantly lower than that predicted by
theory [4-7]. The intrinsic coercivities reported

1. Introduction

Recently, nanocomposite magnetic materials
consisting of a fine mixture of magnetically hard
and soft phases have been extensively studied for

permanent magnet development due to their
enhanced remanence and potentially high-energy
products even in materials with a relatively low

*Corresponding author. Tel.: +1-302-831-3515; fax: +1-
302-831-1637.
E-mail address. zqjin@udel.edu (Z.Q. Jin).

were usually below 6.5kOe due to the presence of
soft magnetic phase with volume percentage
around 30 vol% [6-8]. Micromagnetic calculations
by Schrefl et al. [9] showed that the magnetic
properties were strongly dependent on microstruc-
tural parameters, such as grain size, grain bound-
aries, phase distribution, and the volume fraction
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ratio between the soft and hard magnetic phases.
The most critical parameter for a high coercivity is
the grain size of soft magnetic phase that should be
sufficiently small (5-10nm). Experimentally, the
desired nanocrystalline structure was generally
obtained either by rapid quenching [2,6,10,11] or
by mechanical alloying [12]. However, these
fabrication methods made it technically difficult
to control the nanostructures, especially the grain
size and the grain boundary. Previous studies
showed that Tb addition increase significantly the
coercivity of Pr,Fe;4B due to the higher anisotropy
field of Tb,Fe;4B and to a refinement in micro-
structure [6]. Other studies also revealed that small
substitutions of Fe with refractory elements (Cr,
Ti, Nb, Zr) could suppress the grain growth of a-
Fe, thus refining the microstructure to a smaller
grain size [10,11]. In this paper, the microstructure
and magnetic properties of (Pr,Tb)y(Fe,Nb,Zr),4/
a-Fe nanocomposite ribbons have been investi-
gated. Significant improvements of magnetic
properties have been observed by the small
additions of Nb and Zr which led to (BH),, >
20 MGOe.

2. Experimental

Alloys with nominal compositions of Pr;Tb;-
Fess_»_,Nb,Zr,B; (x=0-2;y=0-1) (atomic
percentage) were prepared by arc-melting the
constituent elements in an argon atmosphere.
The arc-melted ingots were cut into small pieces
(2-3mm) and then melt-spun in argon atmosphere
from a quartz tube with an orifice diameter of
about 0.5 mm. Substrate velocities from 5 to 40m/
s were used and optimized for each composition.
The chamber pressure was adjusted from 0.5 to
1.2atm. The obtained ribbons had a width of
about 3mm, a length ranging from a few
millimeters to a few hundred millimeters. The
density measured is around 7.6 g/cm®. For anneal-
ing experiments, selected as-spun ribbons were
sealed in quartz tube under a 2 x 107> Torr
vacuum and then annealed at temperatures be-
tween 650°C and 850°C to develop a fine
nanocrystalline microstructure with optimum
coercivity. The crystallization behavior of the
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as-spun ribbons was determined using a du Pont
Instruments differential scanning calorimeter
(DSC) at a heating rate of 10°C/min. Hysteresis
loops along the ribbon length and normal to the
ribbon plane <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>