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Some of the emerging applications of amorphous magnetic materials are reviewed with
emphasis on those utilizing the unique properties of these materids. In the area of
nanostructured materials, recent advances made in understanding the basics of these
materials are summarized, pointing out needed future research aress.
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1. Introduction

From a materials standpoint, amorphous magnetic aloys are slowly maturing in ther
development except in the areas in which specific gpplications are considered. In some of these
cases, the first generation applications are becoming obsolete, followed by improvements or added
features over the existing ones. One such exampl e is the use of the magneto-mechanica resonance
effect of amorphous aloys in dectronic survellance systems. The first generation material was
based on an Fe-Ni-based dloy, followed by an Fe-Ni-Co-based aloy as outlined in Ref. 1. The new
material exhibits improvement by a factor of two in the detection signal with an added festure of
diminating the problem of triggering other surveillance systems based on a different operating
principle. The same materid is aso useful in other applications utilizing its unique magneto-dastic
properties [2]. The change in the quality of dectricity supply due to the ubiquitous use of dectronic
devices such as personal computers has increased the level of importance of using energy-saving
amorphous metal-based dectrical power transformers [3]. In future energy-generation efforts,
attention is being directed to redize nuclear fusion plants based on heavy-ion accd eration devices
utilizing amorphous or nanocrystalline materials [4]. New hesat-treatments of the first generation Fe-
based aloys have opened up opportunities for these aloys in applications in which more expensive
Co-based amorphous aloys were used conventionally. Examples indude sensors and band-pass
filters [5]. Magnetic implements built from amorphous aloys in different forms, such as wire,
powder, laminated sheets and bulk shapes, are on-going efforts [6].

While applications of nanocrystalline materiads are not as wide as those of amorphous
dloys, basic studies of these materids are quite active. In these efforts, an overal picture of
nanostructure must incorporate chemica and topological short-range order as well as consideration
of thermodynamic and magnetic driving force for atomic motion. Because of the multi-phases
present in these materials, experimentd methods to be utilized should be chosen accordingly.
Espedally needed are new techniques to monitor in-situ nanocrystallization processes in conjunction
with the properties of post-nanocrystallization phases. These efforts will help develop new materids,
leadi ng to further advances in understanding the materials and their applications.
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2. Amorphous materials

2.1. Energy-related applications

More data have been collected, showing impacts of harmonic distortions on transformer
total losses in eectrical power distribution systems. An example of the recent study in Indiais given

inTeblel asanillustration [7].

Table 1. Comparison of transformer losses of amorphous metal (AM) and grain-oriented
silicon stedl (Si-Fe)-based units. Total and linear losses are actual measured transformer loss
and loss with no total harmonic distortion (THD), respectivey.

A. Agriculturd Site (three-phase 100 kVA units)

CoreMaterial | Total Loss | Linear Loss| Loss Incresse | THD in| THD in
(W) (W) (W) Current (%) Voltage (%)

AM 700 679 21 35 2.6

Si-Fe 1300 710 590 2.3 1.4

B. Industria Site (three-phase 250 KV A units)

CoreMaterial | Total Loss | Linear Loss| Loss Incresse | THD in| THD in
(W) (W) (W) Current (%) Voltage (%)

AM 1726 1098 628 26 15

Si-Fe 2525 1550 975 26 15

The table above indicates that the frequency spectrum of the harmonic distortion is site-
dependent since the load characteristic is different. In an industrial site, different industries use
different power equipment, such as motor drives, which are known to introduce higher harmonic
distortions. In an agriculturd site, many units of a limited number of equipment, such as irrigation
pumps, are used, thus the harmonic frequency spectrum has a small humber of peaks resulting in a
small number for THD. In any case, transformer loss increase due to THD in the power-line systems
is cons derably smaller in amorphous meta-based transformers than the conventional units. In most
of theindustrialy devel oped countries, about one-half of the tota dectrical energy generated is used
to run factories, trangportation systems and office buildings where THDs are high in the energy
distribution systems. Thus the impact of using amorphous metal-based units is significantly greater
than has been thought.

As industridization proceeds further in developing countries, the energy-saving aspect of
amorphous metal-based transformers is becoming increasingly important. It is dso becoming
necessary to depend less on fossil fud to generate dectricity. In this area, amorphous and
nanocrystalline magnetic materia s have been considered most suited as shown in Ref. 4. The basic
concept is the following: ion beams are accelerated in a linear particle acceerator through a
succession of magneti ¢ induction cores supplying a short- pulsed accd erating voltage for the beams
which are confined in the core's axis direction. The ion beams are focused on a target of an ion
fusion chamber. The heat produced from the fusion energy is converted to steam which then is
utilized to generate dectricity. It is estimated that a few x 10" kg of magnetic core material is needed
to drive such a fusion plant ddivering several megajoules per pulse of energy to atarget. Thus cost-
effective core material is required, which provides particle accd erating pul se voltages efficiently.
Technically speaking, amorphous Fe-based aloys and Fe-based nanocrystalline dloys are desirable
candidates for the core material, but the former materids provide the most economic solution at the
present moment. The technical difference between the two classes of materias is that the
nanocrystalline alloys exhibit lower magnetic loss for lower pulse magnetization rates than the
amorphous alloys, while a higher magnetization rates both materials perform about the same [4].
Examples of the magnetic loss at a magnetization rate of 10’ T/s are listed in Table 2 for the
representative materials considered in Ref. 4. Since the accd eration voltage V, in an induction core
having a cross-section of S is generated following Faraday’s law, a large flux swing AB within a
short magnetization pulse duration At results in a large V (=SAB/At). Thus, achieving high
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magnetization rates (AB/At) makes it possible to reduce core sizes. Therefore, these mgjor factors
must be considered in designing an efficient and cost-effective accelerator.

Table 2. Comparison of core loss for representative materials at a magnetization rate of 10’
T/s. The thicknessof the nanocrystalline and amorphous materids ranges between 16 and

21 ym.
(Data taken from Ref. 4.)
Material Flux Swing AB (T) Core Loss (Jm’)
Fe-base nanocrystalline 2.1 1000
Amorphous Fe-B-Si-C 2.1 1200
Amorphous Fe-B-Si 2.1 1200
3% Si-Fe (25 pm thick) 3.0 5000

2.2. Sensors

Representative applications of amorphous aloys in sensors are summarized in Ref. 1-2.

New aloys have been recently reported for magnetic sensors including markers for
eectronic artide surveillance (EAS) systems based on higher harmonic signal detection [8]. These
aloys are based on Ni-Co-Fe and have rd aively | ow saturation magnetostriction, A, ranging from—
2 to + 2 ppm and saturation inductions, Bs, exceeding 0.5 T. A typical exampleis an aloy with a
composition NigCosgFe(B, Si), having B= 0.58 T and A= - 0.4 ppm. In Table 3, the harmonic
signal level detected from this EAS marker is compared with a commercia one based on another
Co-rich amorphous alloy.

Table 3. Comparison of harmonic signal response from NigCogFeg(B, Si), as-cast

amorphous aloy and commercialy available marker strips based on METGLASI2705M

withalength of 76 mm (data taken from Ref. 8). The fundamental frequency was 2.4 kHz
and the detected signal was at its 25™ harmonics.

Alloy Marker Width (mm) Harmonic Response (mV)
Ni-Co-Fe-B-Si 3 240
METGLASI2705M 3 150
Commercial 2705M Marker 2 160

It is noted that the harmonic signal responseisincreased significantly in the new aloy which
contains less than one half of the cobalt in the commercially available METGLAS2705M alloy.
Thiswill open up use of this alloy in other magnetic sensors.

2.3. New material synthesis

By dectrodeposition, arrays of amorphous metd fine wire with diameters of 100-200 nm
have been fabricated for Co-P and Ni-P systems [9, 10]. The coercivities of these wires are | ess than
~ 100 Oe implying their low intrinsic magnetic anisotropies. Thus, if these wires are to be used in
magnetic recording media, shape anisotropy must be utilized to compensate the magnetostatic
interactions among the fine cylinders. The reduced remanence through the magnetostatic interaction
and the low coercivity, however, are useful in micro-size magnetic components at high frequencies.
A two-step mechanical aloying has resulted in an amorphous Co-Fe-Zr powder with improved
permesbility in GHz region [11]. Compared with the conventional one-step process, the resultant
powder isless agglomerated with a narrower size distribution after the second step using CCl, asthe
process control agent. The effects of the two step process seem to be composition-dependent and
optima for a CozpFeynZrio powder.
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3. Nanostructured materials
3.1. Magnetic alloy development

A recent review on soft magnetic nanocrystaline alloys gives the following as a genera
chemical composition for these materials [12]:

Fe Ti V Cr B C Cu
Co Zr Nb Mo Al S P Ag
Ni a Hf Ta W b Ga Ge c Au d

with a=60-90, b=2-8, c=8-31 and d=0-1 [13]. This formula allows usto explore possibilities for new
aloys, which was the subject of this investigation. The case with Fe, Zr/Nb, B and Cu was reported
in Ref. 12. The basic consideration in optimizing the magnetic properties of these aloys is (i) to
increase their saturation inductions, and (ii) to reduce their magnetic anisotropies (K), saturation
magnetostriction (As), and exchange stiffness constants (A). The latter three factors are inter-related
and therefore more difficult to optimize. In addition, the dements such as Ti in the second column
affect compound formability upon nanocrystallization and the grain sizes of the resultant
nanocrystals.

In contrast to the macroscopic view taken in the above case, more micro-scale adjustments
result in improved hard magnets as reported in Ref. 14. For example, a high (BH) . product of 105
k¥m® and intrinsic coercivity Hs of 465 kA/m has been reported for a
Nds 4Dy Fe717B155Cr2.4C0, 4CUy 4Zr0 3 all oy with aremanence B, of 0.97 T. Table 4 compares severd
hard magnets obtained through similar micro-scal e adjustments and other nanostructured materials
mentioned in this article together with the representati ve conventional materials. The reason for the
necessity for the microscopic view in hard magnets is the following: the magnetic microstructure,
which scales with (A/K)"?, essentidly determines the level of Hci. The multi-component system
mentioned above certainly provides the favorable microstructural condition needed. Clear evidence
for a similar effect has been reported for a nano-clustered glassy Ndsyp Feyo Al aloy with a
coercivity of 200-350 kA/m [15]. Without nano-clustering, the iso-compositional, random Ndsy Fey
Al aloy shows a coercivity of about 100 kA/m. The nano-structure is characterized by exchange-
coupled Fe-Nd clusters embedded in an Nd-rich amorphous matrix. This hard magnet has properties
similar to those of a widdy used Ba ferrite magnet as shown in Table 4. It is expected that these
properties will be improved through further optimization of the chemical composition and
fabrication process.

Table 4. Comparison of hard magnet properties of representative materials including

commercialy available magnets. The quantity (BH)ma, the maximum energy product, is a

measure of performance as a permanent magnet. Currently Nd;Fe;4B magnet is the strongest
hard magnet available.

Materia (comp. in at.%) with [Ref] B: (T) Hd (KA/m) (BH) e (kJ/m°)
Nd4_5F€73813_5Cf2C02 [14] 1.05 378 108
Nds4Dy1F€723B155Cr24C0, 4 [14] 0.98 398 87
Nd; 4Fer1.7B155Cr24C0, 4CUg 4Zr 2 [14] 0.97 465 105
NdsoFesAl 1 [15] 0.40 200-350 ~30
COg()Zrlng [16] 0.43 400 38
BaFerrite 0.40 192 28
AINiCo 5 1.20 58 40
Samarium-cobalt (SmCoy,) 0.90 696 160
Neodemium-iron-boron (Nd,Fe;4B) 1.30 1120 320

Preferential nucleation/growth of a magnetically hard crystalline phase is one approach
achieving a high-performance permanent magnet. An optimally annealed rapidly solidified Co-Zr-B
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ribbon shows a (BH) e ~ 4.7 MGOe (see Table 4 above). The crystalline phase responsible for this
is ametastable CosZr [16].

3.2. Basic properties

Advances have been made to hdp us understand the rdationship between the loca
structures and the observed properties of Fe-based nanocrystalline soft magnets. For example, ther
microstructures consisting of nanoparticles imbedded in amorphous matrices and their magnetic
states have been wel-characterized [17, 18]. However, the detailed processes leading to the
microstructure formation are not well understood. Since the prototype precursor materids [17]
contain a small amount (~1%) of Cu and it forms a clustering prior to the bcc Fe-Si nanocrystal
formation, it has been argued that the dustered Cu atoms serve as the heterogeneous crystalline-
nucleation centers. Some evidence for this has been reported [19]. However, a recent study shows
that a bec Fe-Co (Si) phase is formed prior to the Cu cluster formation in Fe-Co-Si-B-Nb-Cu dloys
[20]. In addition, it has been known that Cu-free precursor alloys based on Fe-Zr-B result in
nanocrystalline soft magnets [21]. It is, therefore, not necessary to have a smal amount of Cuin the
precursor systems. Its role is yet to be clarified, but the Cu dustering observed in 3D atom probe
experiments [19, 20] is considered at the moment a by-product of a metallurgical process in which
the system rgects Cu atoms in the process of forming a bec crystalline phase in an amorphous
matriX. Thisis not inconsistent with the observation that the Cu clustering takes place adjacent to the
bce nanocrystals.

The efforts thus far adopted to clarify the nanocrystalline formation are through semi-static

kinetic processes such as thema annealing. Thus its dynamic nature has not been studied
extensivay. In this sense, recent studies on the crystallization behaviors in amorphous alloys under
dectron-irradiation [22] and e ectropulsing [23] are instructive.
The driving forces for the atomic motion by these techniques are supplied by an dastic energy
transfer during € ectron-irradiati on or enhanced € ectromi gration through collective motion of atoms.
Since these processes take place at or bdow room temperature, kinetics involved in conventional
therma annealing are minimized. What matters in these processes is the structural stability of the
area targeted, and the resultant crystallization follows, to a first degree, through polymorphous
transformations. Thus, chemical and topological short-range orders for the constituent atoms in the
precursor amorphous dloys play a magor role in nanocrystallizaton, being consistent with the
observations thus far made. Therefore the non-thermal processes mentioned above would shed more
light if they were utilized in conjunction with the conventiond thermal anneding as implied in
Ref. 22.

The 3D atom probe mentioned above provides loca structural and chemical compositions
and is a powerful tool for studying the nanocrystdline states. Its magnetic counterpart is the
M ossbauer spectrascopy in which different magnetic phases with different chemica and topological
short-range orders centered around Fe atoms can be separately probed [24]. Thus shap shots during
amorphous-to-crystdline transformation can be monitored [25]. Detailed studies along this line of
work show the following [24-26]. There exist three different short-range environments for Fe atoms:
a bcc Fe in the nanocrystds, an amorphous Fe-based phase and a disordered Fe-rich interface
baween bee Fe and the amorphous matrix. These phases have been clearly identified as shown in
Fig. 1 taken from Ref. 24 which contains a number of other similar cases. Ref. 26 is an extension of
this work and clarifies the significance of the interface region. A schematic representation of the
atomic arrangement is given in Fig. 2 of Ref. 26. Thus the magnetic interactions among the three
phases have become clearer, helping for example, molecular-fied type analysis and simulation to
become more refined. The three magnetic phases have different Curie temperatures which are
desired to be as high as possible from gpplication standpoints. Studying a material with these
features at devated temperatures, however, is accompanied by complications due to materids
propensity toward crystalization. To avoid this, Cr, which tends to increase crystallization
temperatures and reduce Curie temperatures, has been added to the Fe-based aloys [27]. This has
made the magnetic phenomena more readily accessible temperature-wise without uncertainties
arising from the possible structurad changes.
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As exemplified in the above, local spectroscopic techniques provide pertinent information
on the fine atomic arrangements in the nanostructured materials. However, the observations are
stroboscopic; more dynamic time-dependent techniques would be of help in understanding the
evolution of the atomic motion during nanocrystallization by therma processes. For example, a
widdy used DSC becomes a more useful tool if combined with other types of similar techniques
such as resistivity measurement as shown in Fig. 2 which is taken from Ref. 28. A DSC scan is
normally taken at a given heating rate and as such it probes a time-dependent thermal process.
Resistivity, on the other hand, depends on dectron scattering which is a much shorter process than
the thermal process, providing a unique supporting information for a disordered material in which
eectron mean-free path is of the order of the interatomic distance. The results obtained through
these gpproaches would become instructive if compared with those through non-thermal processes

[22, 23] mentioned above.
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Fig. 1. A transmission Mdssbauer spectrum (bottom curve) taken a room temperature on a
nanocrystalline Feg,Ti-Cu;B1, aloy annealed a 470 °C for one hour. The curves A, B and C
correspond to the spectrum components from the amorphous Fe-based matrix, Fe-rich
interface region and the bcc Fe-based nanocrystaline grains, respectively. Datataken from
Ref. 24,
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Fig. 2. DSC scan (upper figure) and temperature dependence of dp/dT where p isthe
resistivity of a nanocrystallline Fe;3sNbsCu;Sii3 sBg (data taken from Ref. 28).
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3.3. Applications

A number of soft magnetic applications of nanocrystalline magnetic materials have been
considered and are commercially available. These include common-mode electrical chokes, high
frequency transformers, pul se-power cores, magneti c sensors, magnetic shielding sheets and the like.
Devdopment of Fe-Co based aloys [29] is expected to lead to magnetic devices operated a high
temperatures. This work is to evolve to micro-structural investigations of the constituent phases
interacting magneticall y and structurally among themsd ves and search for new device opportunities
which do not exist currently due to materials' performance limitations.

Controlled fabrication is necessary for applications of low-dimensiona nanostructured materials
such as fine fibers and nanosize particles. The future of MEMSs, micromagnetic components and
medical use of these materials [30] depends on how these materials evolve.

4. Conclusion

Energy-related applications of amorphous magnetic materials are becoming increasingly
rdlevant and therefore will grow in size. The material development side of this field is more
application-specific and the vast amount of technical information accumulated thus far has helped
develop new materials effectivdy and timely. Nanocrystalline materials, on the other hand, are
structurally more complex, but the basic understanding of these materids is progressing well. New
insights into direct observation of the dynamic nanocrystallization processes are necessary for
further progress.
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