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Abstract

Nanocrystalline structures offer a new oppmity for tailoring soft magnetic materials.

This chapter surveys the state of the art and the key factors from which the extraordinary
properties of this new class of soft ferromagnets derive. The materials to be discussed are
produced by crystallization from the amorphous state and are based on iron. The alloy
system in particular highlighted will be ¢horiginally proposed Fe—Cu—Nb—-Si-B alloys
which owing to their outstanding properties have meanwhile successfully entered into
application. The general features shown up, however, also apply to other nanocrystalline
magnetic materials.

1. Introduction

In 1988, Yoshizawa, Oguma and Yamauchi introduced a new clagsrobased alloys
exhibiting superior soft magnetic behavior. The properties were a unique combination of
the low losses, high permeability and near zero magnetostriction achieved by permalloys
and Co-based amorphous alloys, but with a saturation magnetization up to 1.3 Tesla —
much higher than either of these materials can conventionally offer. The particular about
the new material was its ultrafine microstructure of b.c.c. Fe—Si with grain sizes of 10—
15 nm from which their soft properties lastly derive and after which they were named
nanocrystalline

The material was produced by crystadltion of an amorphous Fe-Si—B alloy with
small additions of Cu and Nb, a hitherto somewhat unusual combination which proved
to be key for the particular ultrafine grain structure and the associated soft magnetic
properties. The result was surprising. So far, the crystallization of amorphous metals
optimized for soft magnetic application was rather known to deteriorate the soft magnetic
properties significantly and to yield a relatively coarse microstructure with grain sizes of
about 0.1-1um. Only slightly partially crystallized amorphous Fe-base alloys were seen
to offer eventual benefits over the amorphouasestor certain high frequency applications
(cf. Hasegawa et al. 1982, Herzer and Hilzinger 1986).

It is well known that the microstructure, ticeably the grain size, essentially deter-
mines the hysteresis loop of a ferromagnetic material. Figure 1.1 summarizes our present
understanding of the coercivity{, in the whole range of structural correlation lengths
starting from atomic distances in amorphous alloys over grain sizes the nanometer
regime up to macroscopic grain sizeshe tpermeability shows an analogous behavior
being essentially inversely proportional f&.. The 1/ D-dependence of coercivity for
large grain sizes (cf. Pfeifer and Radel@880) reflects the conventional rule that good
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Fig. 1.1. Coercivity,Hc, vs. grain size,D, for various soft magnetic metallic alloys: Fe—-Nb-Si—B (solid up
triangles, Herzer 1990), Fe—CubNSi—B (solid circles, Herzet990-1995 and Herzer and Warlimont 1992),
Fe—-Cu-V-Si-B (solid and open down triangles, thisrkvand Sawa and Takahashi 1990, respectively), Fe—
Zr—B (open squares, Suzuki et al. 1991), Fe—Co-e6pe( diamonds, Guo et al. 1991), NiFe alloys (+ center
squares and open up triangles, Pfeifer and Rad&Rf0) and Fe—Si(6.5 wt%) (open circles, Arai et al. 1984).

soft magnetic properties require very large graifs> 100 um). Thus, the reduction of
particle size to the regime of the domain wall width increases the coerdikitypwards

a maximum controlled by the anisotropiesepent. Accordinglyfine particle systems
have been mostly discussed as hard magnetic materials (cf. Luborsky 1961). Lowest
coercivities, however, are again found for dlmst structural correlation lengths like in
amorphous alloys (“grain size” of the order afomic distances) and in nanocrystalline
alloys for grain sized < 20 nm. Obviously, the new nanocrystalline material fills in the
gap between amorphous metals and converntipolg-crystalline alloys. The extraordi-

nary D8-dependence of coercivity at small graiize moreover demotrates how closely

soft and hard magnetic behavior actually can be neighbored. Indeed, the soft magnetic
alloys are only one manifestation of the nbwmd extraordinary magnetic properties
which can be realized by establishing sturet features on the mameter scale. Thus,
nanocrystalline microstructures are also of highly current interest in order to enhance
the properties of rare earth hard magnets (cf. Kneller and Hawig 1991 and Manaf et al.
1993).

The combination of small grain size and soft magnetic properties is surprising and
fascinating from the classical point of view in magnetic engineering. Yet, this possibility
was principally known from amorphous materials and the theoretical interpretation of
their soft magnetic properties by Alben, Becker and Chi (1978). Accordingly, magnetic



TABLE 1.1
Typical values of grain sizéD, saturation magnetizatiods, saturation magnetostrictiois, coercivity He, initial permeability ui, electrical
resistivity p, core lossed’-e at 0.2 T, 100 kHz and ribbon thicknesdor nanocrystalline, amorphous and crystalline soft magnetic ribbons.

Alloy D (nm) Js (T)  Xs (107%)  Hc (A/m) i (1 kHz) p (nQcm)  Pre (W/kg) ¢t (um) Ref.
Fez3.5Cu Nb3Siz3 5Bg 13 1.24 2.1 0.5 100 000 118 38 18 (a)
Fer3.5Cu NbsSii55B7 14 1.23 ~0 0.4 110 000 115 35 21 (b)
FegsNb7Bg 9 1.49 0.1 8 22 000 58 76 22 (c)
FeseCuy Zr7Bg 10 1.52 ~0 3.2 48 000 56 116 20 (c)
FeyiZr7Bs3 17 1.63 -1.1 5.6 22 000 44 80 18 (c)
CosgFes(MoSiB)g amorphous 055 ~0 0.3 150 000 135 35 23 (b)
Corp(FeMn)(MoSiB),3  amorphous 0.8 ~0 0.5 3 000 130 40 23 (b)
Fere(SiB)24 amorphous  1.45 32 3 8 000 135 50 23 (b)
80%Ni-Fe (permalloys) ~ 100000 0.75 <1 0.5 100 000 (d) 55 > 90 (e) 50 (b)
50%—-60%Ni-Fe ~ 100000 1.55 25 5 40 000 (d) 45 > 200 (e) 70 (b)

(a) Yoshizawa, Oguma and Yamauchi 1988.

(b) Typical commercial grades for low remamrenhysteresis loops, Vacuumschmelze GmbH 1990, 1993.
(c) Suzuki et al. 1991, 1993.

(d) 50 Hz-values.

(e) Lower bound due to eddy currents.
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softening should also occur as soon as the structural correlation length or grain size
becomes smaller than the ferromagnetic exchange length which is in the order of the
domain wall width. In this case the local anisotropies are randomly averaged out by
exchange interaction so that there is no atigpy net effect on the magnetization process.

The decrease of coercivity in the new nanocrystalline materials has to be well distin-
guished from superparamagnetic phenomena i.e., the well-known decrease of coercivity
in small, isolated or weakly coupled particles due to thermal excitation (Kneller 1969,
Luborsky 1961). Although coercivity vanishebe superparamagnetic regime is not very
interesting for soft magnetic application since an appreciable change of magnetization
requires large magnetic fields, i.e., the permeability is fairly low. In the present case we
deal with small ferromagnetic crystallites webupled by exchange interaction and with
low coercivity and simultaneously high permeability.

The pioneering discovery of Yoshizawa and co-workers (1988) stimulated an intensive
and still ongoing research for alternative allayngpositions. Thus, low-magnetostrictive
nanocrystalline Fe—(Cu)-Zr—B alloys y&uiki et al. 1991) or Fe-Hf—C thin films
(Hasegawa and Saito 1991, Hasegawa et al. 1992) have been established which exhibit
a still higher saturation magnetization up to 1.7 Tesla due to the higher Fe content in the
alloy. Still, the outstanding soft magnetic properties of the original alloy system could
not be reached up to now. Interestingly, as adkirfi precursor, the first example for soft
magnetic behavior in the nanocrystalline state was given by O’Handley et al. (1985) for
a devitrified glassyobaltbase alloy. However, the soft magnetic properties were inferior
to the amorphous state and, thus, not very attractive, which to the present seems to be
typical for cobalt based nanocrystalline materials. Indeed, the most promising properties
so far have been found iimon based alloys. Table 1.1 summarizes some examples and
their magnetic properties in comparisatith conventional soft magnetic alloys.

2. Preparation and basic characteristics

Principally, nanocrystalline alloys can be synthesized by a variety of techniques such
as rapid solidification from the liquid state, mechanical alloying, plasma processing and
vapor deposition (cf. Suryanarayana 1995). et requirements on the microstructure
necessary for the soft magnetic properties rule out quite a number of the available pro-
cesses. Thus, Kuhrt and Schultz (1993) have shown, that mechanical alloying seems to be
unsuitable for the production of soft magdizenanocrystalline FeSo and Fe—Ni because

of the considerable introduction of internal strain into the material which is inevitably
related to the process and cannot be rerdowéhout the simultaneous occurrence of
undesirable grain growth. Compacted nanometer sized powders prepared by inert gas
condensation techniques (Birringer and i&le 1988), although frequently discussed,

are also unsuitable for obtaining good soft magnetic properties due to the unfavorable
intergranular linkage which considerably reduces the necessary ferromagnetic coupling
between the grains.

Actually, controlled crystallization from the amorphous state seems to be the only
method presently available to synthesize nanocrystalline alloys with attractive soft mag-
netic properties. The amorphous pre-cursor material is prepared either as a thin film by
sputtering techniques or, on which we willcias here, as a ribbon by rapid solidification
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from the melt — a meanwhile well established technique for large scale production of
amorphous metals.

A typical nanocrystalline structure with good soft magnetic properties occurs if the
amorphous state is crystallized by the primarystallization of b.c.c. Fe, before inter-
metallic phases like Fe—-B compounds may be formed. Both an extremely high nucle-
ation rate and slow growth of the crystalline precipitates are needed in order to obtain
a nanoscaled microstructure. Such a crystafion characteristics seems to be rather the
exception than the rule. Thus, crystallizatiof conventional metallic glasses optimized
for soft magnetic applications usually yieldsedatively coarse graad microstructure of
several crystalline phases and, correspondirttlieriorates the soft magnetic properties.
Although it appears to be possible to refine the microstructure of such conventional com-
positions by special annealing techniques like pulse-heating (cf. Kulik et al. 1992), such
methods are less suitable in view of reproility and application.What is needed, is
a controlled crystallization behavior upon isothermal annealing which is relatively in-
sensitive to the precise annealing conditions. This can be lastly only achieved by an
appropriate alloy design, in particular, by alloying special elements which promote the
nucleation of b.c.c. Fe, retard the grain growth and simultaneously inhibit the formation
of intermetallic phases. The requiremesfta good glass forming ability puts further
constraints on the accebk alloy compositions.

2.1. Fe-Cu—Nb-Si-B alloys

The optimum alloy composition originally pposed and subsequently not much changed
is Fers 5CuNbsSip35Bg (at%) and can be considered as a typical Fe—Si—B metallic glass
composition with small additions of Cu and Nb. The alloy system has a good glass
forming ability and is easily accessible by rdgolidification as an originally amorphous
ribbon, typically 20um thick.

2.1.1. Formation of the nanocrystalline state

Figure 2.1 summarizes the evolution of the microstructure and the soft magnetic proper-
ties with the annealing temperature; examples of characteristic microstructures are shown
in fig. 2.2.

The nanocrystalline state is achieved by annealing at temperatures typically between
about 500C and 600C which leads to primary crystallization of b.c.c. Fe. The re-
sulting microstructure is characterized bgndomly oriented, ultrafine grains of b.c.c.
Fe—Si(20 at%) with typical grain sizef 10-15 nm embedded in a residual amorphous
matrix which occupies about 20-30% of the wwole and separates the crystallites at
a distance of about 1-2 nm. These features are the basis for the excellent soft mag-
netic properties indicated by the high values of the initial permeability of abouad®
correspondingly low coercivities of less than 1 A/m.

A characteristic feature is that the nanocajfste microstructure and the accompanying
soft magnetic properties are rather ingéws to the precise annealing conditions within
a wide range of annealing temperaturég, of aboutAT, ~ 50-100C. They develop
in a relatively short period of time (about 10-15 min) and do not much alter even after
prolonged heat treatment of several hours (cf. Yoshizawa and Yamauchi 1991a). A typical
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Fig. 2.1. Average grain size, ca@érity and initial permeability of Fg;5_ . Cu,Nb3Sij35Bg (z = 0 and 1 at%)
as a function of the annealing temperature.

heat treatment like 1h at 540 in most cases yields a nanocrystalline microstructure close
to the quasi-equilibrium state and characteristic for the individual alloy composition.
Only annealing at more elevated temperatures above abot€a6ads to the precipi-
tation of small fractions of boride compounds like;Beor FgB with typical dimensions
of 50 nm to 100 nm, while the ultrafine grain structure of b.c.c. Fe-Si still persists.
Further increase of the annealing temperature above abodC7@dally yields grain
coarsening. Both the formation of Fe borides and grain coarsening deteriorates the soft
magnetic properties significantly.
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Fig. 2.2. Transmission electron bright field micraghs of Fe—Cu—Nb-Si-B alloys showing various stages

of crystallization with good (upper row) and detedted (lower row) soft magnetic properties. Up-

per row: Fe3sCuiNbsSij3sBg (left) and FessCuiNbsSijssBs (right) annealed at 54@C. Lower row:

Fez4.5sNbsSiiz5Bg annealed at 530 (left) and Fes5CuiNbsSiiz5Bg annealed at 90U (right). The an-
nealing time was 1 h in each case.

The formation of the particular nanocrystalline structure is essentially related to the
combined addition of Cu and Nb (or other group IV to VI elements) and their low solu-
bility in b.c.c. Fe—Si: copper enhances the leation of the b.c.c. grains while niobium
impedes coarsening and, at the same time, inhibits the formation of boride compounds.
The microstructure evolution is schematically illustrated in fig. 2.3 and can be summa-
rized as follows:

The phase separation tendency between Cu and Fe leads to the formation of Cu-rich
clusters, about 5 nm in size and probably still amorphous, in the initial stage of annealing
before the onset of the primary crystallization of the b.c.c. Fe—Si phase (Hono et al. 1992,
Hono and Sakurai 1995). The presence of Nb, hereby seems to promote the formation
of these Cu-rich clusters on a much finer scale than in an Nb-free alloy composition
(Ayers et al. 1994). This cluster formation causes a concentration fluctuation of Fe,
since Cu substitutes for Fe. Thus, the regions in between the Cu-rich clusters provide
a significantly increased density of nucleation sites for the crystallization of b.c.c. Fe.
The consequence is an extremely fine nucleation of b.c.c. Fe—Si crystallites at a high
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Fig. 2.3. Schematic illustration of the formation dfet nanocrystalline structure in Fe—Cu—-Nb-Si-B alloys
based on atom probe analysis results and transsnissectron microscopy observations by Hono et al. 1992,
Hono and Sakurai 1995.

rate which subsequently grow in a diffusion controlled process (@été& et al. 1991) as

the annealing proceeds further. As the b.Ee=Si phase forms, Nb and B are excluded
from the crystallites because of their low gbility in b.c.c. Fe-Si and are enriched in

the residual amorphous matrix. At the same time effectively all Si tends to be partitioned
into the b.c.c. Fe—Si phase (Herzer 1991, Hono et al. 1992). The enrichment with B and,
in particular, with Nb increasingly stalukes the residual amorphous matrix and, thus,
hinders coarsening of the b.c.c. grains. The presence of Nb at the same time inhibits the
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Fig. 2.4. Effect of copper on the crystallization behavior ing=e_, Cu, Nb3Si135Bg: (left) typical differential
thermo-analysis plots and (right) onset temperatures for crystallizéfipnys. the copper content.

formation of Fe boride compounds. The tséormation finally ceases in a meta-stable
two-phase microstructure of b.c.c. Fe—Si embedded in an amorphous Fe—Nb—B matrix.
The significance of the Cu addition becomes apparent from fig. 2.1 which, for compar-
ison, includes the data for an fz8NbsSi;35Bg alloy, i.e., a similar alloy composition,
but without Cu. The crystallization behaviof this Cu-free alloy is quite different and
leads to a severe degradation of the soft magnetic properties compared to the original
amorphous state. It, thus, resembles much to that what is usually observed in conventional
amorphous alloys. The average grain size up@nahset of crystallization is relatively
large, up to about 60 nm with a broad scatter, and shows a distinct variation with the
annealing temperature. This indicates a significantly lower nucleation rate than in the
Cu-doped alloy whose finer grain size is almost constant in a wide range of annealing
temperatures. Furthermore, annealirfighee Cu-free alloy leads to the simultaneous or
sequential formation of several crystalline phases. Thus, as shown in fig. 2.4, differen-
tial thermo-analysis (DTA) of the Cu-free alloy reveals two closely neighbored stages
of crystallization, mostly overlapping to a single crystallization peak, which correspond
to the precipitation of Fe—B compounds, such as b.c4BF& Fe3Bg, in the first and
b.c.c. Fe in the second step (cf. Yoshizawa and Yamauchi 1990a, Noh et al. 1990).
However, already a small Cu-addition yields two clearly separated crystallization peaks
corresponding to the primary crystallization of b.c.c. FeTat and, subsequently, to
the precipitation of F&88 compounds afl;,. The separation between the two peaks is
practically insensitive on the further increase of the Cu content beyond a small, criti-
cal concentration of about 0.5 at%. The decrease of the onset temperature for the first
crystallization stage reflects the local clustering of Cu-atoms which obviously lowers the
configurational energy of the subcritical nucleus (Herzer and Warlimont 1992).
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Fig. 2.5. Influence of the Nb content on the onset temperatitgsfor crystallization and on the average grain
size (open circles after Yoshizawa and Yamauchi 1991b).

The effect of copper in enhancing the nucleation density, in a way, is unique. Gold is the
only element which has been verified to haveamparable effect othe crystallization
behavior (Kataoka et al. 1989). From this, silver, belonging to the same noble metal
group, is expected to behave similarly. However, silver is practically immiscible in iron
even in the liquid state, such that alloying of this element into the Fe—-Si—B matrix, so
far, could not be verified successfully.

Although essential, the Cu-addition alonenist sufficient. Its effect is considerably
promoted by the simultaneous presence of Nb. As illustrated in fig. 2.5, Nb enhances the
crystallization temperatures and retards the grain growth by limiting diffusion. In particu-
lar, the Nb-addition significantly increases the separation between the two crystallization
stages which promotes the primary crystallization of b.c.c. Fe and stabilizes the residual
amorphous matrix against the precipitation of Fe—B compounds. All together leads to
an increased number of simultaneously growing and competing crystals resulting in the
nanoscaled microstructure upon alloying at least about 2—3 at% of Nb.

Niobium can be substituted by other group V or VI refractory elements, like Cr, V, Mo,
W or Ta which act similarly on the crystallization process and on the magnetic properties
(Yoshizawa and Yamauchi 1991b). Like for Nb, the atomic volumes of these refractory
elements are larger than that of Fe which reduces the diffusion coefficients and, thus,
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stabilizes the amorphous matrix and slows down the kinetics of grain coarsenirigr(M

and Mattern 1994). Accordingly the efficiency of these elements for grain size refinement
increases in the order of tmeatomic volumes, i.e., Ck V < Mo =~ W < Nb =~ Ta.

Thus, finest grain structures and superiolgmetic properties in practice require at least

a certain amount of the elements Nb or Ta.

It should be stressed again that good soft magnetic properties require not only a small
grain size but at the same time the absence of boron compounds. The separation between
the primary crystallization of b.c.c. Fe and the precipitation of Fe—B compounds not
only is determined by the Cu and Nb additions but, as shown in fig. 2.6, decreases with
increasing boron content. This puts a further constraint on the alloy composition namely
that the boron content should be kept at a low or moderate level in order to obtain an
optimum nanoscaled structure.

In summary, the behavior of the onset of crystallization on temperature and composition
shows that a basic condition for the formation of a typical nanocrystalline structure is
given by a primary crystallization process be&fatable or meta-stable intermetallic phases
are formed. Obviously, this can be attained by (i) alloying additions which lead to clearly
separated stages of crystallizatiorifat and7’,, and (i) by annealing af,, < Ta < T,
such that only the phase forming at and ab@ygis crystallizing.

2.1.2. Microstructural characteristics
The nanocrystalline microstructure obtair®y crystallization from the amorphous state is
essentially composed of two phases: (i) the randomly oriented b.c.c. grains and (ii) a still
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amorphous minority matrix. The crystalline ftam and the local atomic concentrations
are determined by the original alloy composition.

Since direct chemical analysis, e.g., blectron beam microprobe, is inaccurate on
the nanometer scale, lattice parameter and intrinsic property measurements have been
evaluated in order to determine the local atomic compositions. In thermodynamical equi-
librium, boron is practically insoluble in b.c.c. F&(0.01 at%); the solubilities of Cu
and Nb are low:< 0.2 at% Cu,< 0.1 at% Nb (Kubaschewski 1982). If these values
apply to the nanocrystalline phase, too, the b.c.c. grains essentially consist of Fe—Si
which is supported by atom probe analysis (Hono et al. 1992). Thus, literature data for
lattice parameter, Curie temperature and saturation magnetization of the Fe—Si system
(cf. Bozorth 1951 and Yelsukov et al. 1986) may be used to analyze the results obtained
for the nanocrystalline state.

Figures 2.7 and 2.8 show the Curie temperatures and the room temperature magneti-
zation of Fe—Cu—Nb-Si-B alloys in the arpbous and in the nanocrystalline state (cf.
Herzer 1989, 1991). The precipitation of the b.c.c. Fe—Si phase is clearly manifested in a
significant increase of the Curie temperature from 2502326 the original amorphous
state to about 600-74Q after nanocrystallization. The residual amorphous matrix is
ferromagnetic. Its Curie temperature andusation magnetization, however, are clearly
distinct from that of the original amorphous matrix which indicates a significant change
in composition.
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Figures 2.9 and 2.10 show the crystalline fraction and the Si content of the crystallites
as evaluated from thermomagnetic investigations by comparison with literature data for
«a-Fe—Si (Herzer 1989, 1991). X-ray investigations of Ueda et al. (1994) give comparable
results.

The crystalline fractiony, is mainly determined by the boron content and independent
of the Si content. Both the crystalline fraction and the average grain size decreases with
increasing boron content. This indicates that the boron plays a similar role as Nb in
retarding the grain growth. The average spacing between the crystallites,, the
thickness of the intergranular amorphous layer can be estimated by (Herzer 1989)

§=DA/WY3-1) ~ (1—wy)/3 (2.1)

ver—1

and typically ranges between about 1-2 nm, i.e., about 5-10 atomic layers.

The local Si content in the b.c.c. grainsdensiderably larger than the average Si
content of the alloy. For the high Si content alloys the composition of the b.c.c. grains
is close to stoichiometric 8i which results in a D@ superlattice structure (Mler
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et al. 1991, Hampel et al. 1992). The Si content in the b.c.c. grggib,c.c.), can be
approximately related to the average Si contegt, by

ysi(b.c.c.) ~ si/ver (2.2)

which indicates that effectively all Si hastitioned into the crystallites (Herzer 1991).
Accordingly, the amorphous matrix essentially consists of Fe, Nb and B. The formation
of the nanocrystalline state, thus, can sliacharacterized by the reaction (Herzer 1993)

Fe—Cu—Nb-Si-B~ v¢a-Fe—_,Siy + (1 — ver) (Fei—oNby, ), B + zcy Cu (2.3)

with @ = n~tanp/xs Whereznp, zcy and zg denote the alloy’s niobium, copper and
boron contents, respectively.

Equation 2.3 allows to estimate the composition of the intergranular amorphous phase
from the data for the crystalline fraction by balance of atomic concentrations. The result
of this evaluation, being shown in fig. 2.11, is a high local boron content of around 31 at%
(i.e.,n =~ 2.2) which is fairly independent of the original alloy composition. Obviously the
nucleation and growth of the b.c.c. graimrepeeds until the residual amorphous matrix is
enriched with boron such that its composition is close to stoichiometric (R, )2B.

The presence of niobium hereby stabilizes the amorphous structure and impedes the
formation of the corresponding crystalline boride compounds. The local Nb content is
independent of the Si content and increases with decreasing average B content. This is
a consequence of the simultaneously decreasing amorphous fragtioa,1 — v, (cf.

fig. 2.9) in which the available niobium is enriched. This local enrichment of the Nb lastly
signs responsible for the increase of the onset temperature of the second crystallization
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stage (fig. 2.6) and the decrease of the Curie temperature (fig. 2.7) and the saturation
magnetization (fig. 2.8) of the residuaimarphous matrix with decreasing average B
content.

2.2. Further alloy compositions

A major driving force in the search for further alloy compositions was to increase the sat-
uration magnetization which in the optimized compositions arounrgd&2yNbzSi;35Bg

is limited to aboutJs ~ 1.2-1.3 T due to the high Si content in the b.c.c. grains. An
appreciable increase af, thus, requires a nanocrystalline structure which essentially
consists of purev-iron. The major hindrance towards such high iron content alloys is
given by the requirement &f good glass forming ability. Thus, for the sake of a good
glass forming ability, the Si content ihé Fe—Cu—Nb—Si-B alloys cannot be simply
reduced without substituting other glass formers for it.

One way of reducing the Si content is to replace it with boron which is an even better
glass forming element than Si. As apparent from fig. 2.8, the saturation magnetization in
the Fe—CuyNb3Si, B, _, system indeed increases up to about 1.6 T if boron is substituted
for silicon. However this benefit is accomped by a severe degradation of the soft
magnetic properties (see section 3). The reason is that the high boron content necessary
to replace the silicon at the same time favors the formation of boron compounds (fig. 2.6)
which are deleterious for the soft magngtioperties. In order to obtain a homogeneous
nanocrystalline b.c.c. structure with good soft magnetic properties it is necessary to keep
the boron content at a moderate level below about 10 at%. A low boron content at the
same time yields a high crystalline fraction (fig. 2.9) which additionally maximizes the
saturation magnetization. However, aresponding reduction of the boron content at
low Si contents, for the sake of glass famm ability, is only possible if other good
glass forming elements are added simultaneously. Such elements which extend the glass
forming range at low Si and B contents are group IVa to Vla transition metals (Inoue et
al. 1981). The glass forming range is the widest for Hf containing alloys and decreases in
the order of Zr> Nb ~ Ta> Mo ~ W > V > Cr. The most stable amorphous phase is,
thus, obtained in alloys containing refractory metals with large atoms and low d-electron
concentrations, i.e., particularly Zr, Hf, Nb and Ta. As mentioned before, these elements
at the same time are very effective in suppressing the formation of the undesired boride
compounds.

Accordingly, high iron content Fe—(@x+M . 7B,—g alloys with M = Hf, Zr, Nb, and/or
Ta have been found to exhibit both a more or less sufficient glass forming ability and the
necessary crystallization characteristics in order to give a nanocrystalline structure with
good soft magnetic properties, low magnetasion and a high saturation induction up to
1.7 T (Suzuki et al. 1991, 1993). Yet these allaysl derivatives areucrently still under
intensive research. A major problem is still glass forming ability and castability. Thus, the
Nb containing alloys which yield reasonable properties, like e.g4sNt®Bg, are located
at the border of the glass forming range (Suzuki et al. 1994) which makes them most
difficult to produce in particular on larger sealThe glass forminghlity is considerably
improved with the addition of Zr or Hf. Howr, the strong oxygen reactivity of either of
the two elements is a severe problem and requires a good protecting casting atmosphere.
Moreover, the compositions with the highest saturation magnetizatidn-6f1.6-1.7 T,



NANOCRYSTALLINE SOFT MAGNETIC ALLOYS 433

like Fey1Zr7B, are again located at the border of the glass forming range. The preparation
of Fe—M-B thin ribbons by rapid solidification, thus, requires substantially more effort
than necessary for the more conventional(Ee+ Nb)—-Si—B compositions and, therefore,
presently is still restricted to the laboratory scale.

Interestingly, in the Fe—M—B alloys the atdn of copper is not necessarily required in
order to yield a nanocrystalline structure with reasonable magnetic properties. Quenched-
in compositional fluctuations in the amorphous state due to a relatively low glass-forming
ability and the enhanced concentration of refractory elements insolublé=im are con-
sidered as a possible explanation (&kizet al. 1994). Still, the addition of Cu, like
previously discussed, again promotes the primary nucleation of the b.c.c. Fe and en-
hances the soft magnetic properties significantly.

It should be finally mentioned that the spech of accessible nanocrystalline systems
can still be considerably expanded by thin film sputtering techniques. One example are
Hf carbide dispersed nanocrystalline Fe—Hf—C films crystallized from the amorphous
state (Hasegawa and Saito 1991, Hasegawa et al. 1993). They combine good thermal
stability, good high frequency properties inet MHz range with low magnetostriction
and high saturation induction ofs = 1.7 T which can be even increased up to 2.0 T
by multilayering these films with Fe. Another example are (Fe, Co, Ni)—(Si, B)—(F, O,
N) granular alloy films (cf. Fujimori 1995) which at a saturation induction of about 1 T
possess a uniquely high electrical resistivity of400* uQ cm which makes them a
possible candidate for futarhigh-frequency devices.

3. Microstructure—property relationship

We have already seen (fig. 2.1) that coercivities of less than 1 A/m and initial permeabili-
ties of more than 10can be achieved upon the formation of the nanocrystalline b.c.c. Fe—
Si structure. Such superior properties, however, are restricted to particular alloy compo-
sitions which, as demonstrated in fig. 3.1, are close to the classiggd@@ Nb3Si;j35B9

alloy. This variation of the magnetic prapies can only be understood in part by the
grain size effect shown in fig. 1.1. If the grain size is small enough, further microstruc-
tural parameters like the composition and the volume fraction of the individual structural
phases take over the control of the soft magnetic properties.

The key factor for understanding the microstructure—property relationship is the un-
derstanding of magnetic anisotropies and how they can be controlled. CoerHiyiin-
creases with the anisotropy energy densgify,and the initial permeability,;, shows the
inverse behavior. Thus, the basic conditions for good soft magnetic properties generally
are low or vanishing magnetic anisotropies of a few3Jémly. The angular distribution
of the anisotropy axis finally controls the shape of the hysteresis loop.

The relevant anisotropy contributions are in decreasing order of magnitude:

1. Magneto-crystalline anisotropy,

2. Magneto-elastic anisotropies,

3. Creep-induced anisotropies, and

4. Magnetic field induced anisotropies.

In the following sections, we will discuss the impact of the various microstructural fea-
tures on these anisotropy contributions and the associated soft magnetic properties in
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Fig. 3.1. Coercivity,Hc, and initial permeabilityui, of nanocrystalline Fg_ . CuyNbsSi,B,_, annealed 1 h
at 540°C vs. the Si content.

the nanocrystalline state. Thus, the prerequisite for soft magnetic behavior is that the
effective magneto-crystalline anisotropy is low. Superior properties additionally require
a low magnetostriction which reduces magndasgc anisotropies. Once these contri-
butions are sufficiently suppressed, the magnetic properties are determined by uniaxial
anisotropies induced during the heat treatment which, if properly controlled, allow to
tailor the hysteresis loop accorgjto the demands of application.

3.1. Magneto-crystalline anisotropy

The major requirement for superior soft maggaéehavior generally is a low or vanishing
magneto-crystalline anisotropy. The magneto-crystalline anisotigpyis related to the
crystal symmetry; the easy axis of magnetization being determined by the crystal axis.
For b.c.c. Fe-Si (20 at%), the constituent phase in nanocrystalling @ NbsSi; 3 5B9,

the anisotropy constant is abokl ~ 8 kJ/n? (Gengnagel and Wagner 1961), i.e., by
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far too large to explain by itself the low coercivityZ{ < 1 A/m) and high permeability
(i =~ 10°).

The key to understand this is that the effective anisotropy contribution of the small,
randomly oriented b.c.c. grains is essentially reduced by exchange interaction (Herzer
1989, 1990). The critical scale where the exchaggergy starts to balance the anisotropy
energy is given by the ferromagnetic exchange length

Lo=+\/A/K; (3.1)

(A = exchange stiffness constant) which is abéygt~ 35 nm for the material param-
eters of b.c.c. Fe-Si(20 at%l. represents the minimum length scale over which the
direction of the magnetic moments can vary appreciably and, for example, determines
the order of the domain wall width. Thus, if the grain siZ#,is reduced belowlq, the
magnetization will not follow the randomly or¢ed easy axis of the individual grains,

but increasingly is forced to align parallel by exchange interaction. As a consequence, the
effective anisotropy is an avage over several grains and, thus, considerably reduced in
magnitude. This makes the essential difference to large grained materials where the mag-
netization follows the randomly oriented gaaxes of the individual grains and, accord-
ingly, the magnetization process is controlled by the full magneto-crystalline anisotropy
of the grains.

3.1.1. The random anisotropy model
The degree to which the magneto-crystalline anisotropy is finally averaged out has been
successfully addressed ferms of the so-callechndom anisotropy modéHerzer 1989,
1990) which has been originally developed in order to explain the soft magnetic properties
of amorphous ferromagnets by Alben et al. (1978). The consequences of the model are
so dramatic and of such a technical relevance that the simple, but effective arguments
are recast here. A theoretically more sophisticated treatment can be found in the paper
of Chudnovsky et al. (1986).

The basic idea is sketched in fig. 3.2 and starts from an assembly of exchange coupled
grains of size D, and volume fractiony.,, with magneto-crystalline anisotropies oriented
at random. The effective anisotropy constdiif,, relevant to the magnetization process
results from averaging over th€ = v, (Lex/D)? grains within the ferromagnetic corre-
lation volumeV = L2, determined by the exchange lendiky. For a finite numberV, of
grains within the exchange volume there will be always some easiest direction determined
by statistical fluctuations. Thus, the averaged anisotropy energy density is determined by
the mean fluctuation amplitude of the anisotropy energy ofNhgrains, i.e.,

y 3/2
(K) ~ 35—?%&(%) : (3.2)

As the local magneto-crystalline anisotropies are averaged out this way, the scale on
which exchange interaction dominates expands at the same time. Thus, the exchange
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Fig. 3.2. Schematic representation of the randomoarpy model for grains embedded in an ideally soft
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length, Lex, has to be renormalized by substitutih) for K in eq. (3.1), i.e.,Lex iS
self-consistently related to the averaged anisotropy by

Lex= v A/(K). (3.3)

The combination of egs. (3.2) and (3.3) then yields for grain sizes smaller than the
exchange length

(K) ~ v2K1(D/Lo)® = vV2D°K}/A3. (3.4)

It should be noted that this result is essentially based on statistical and scaling arguments
and, therefore, is not limited to uniaxial anisotropies (as may be anticipated from fig. 3.2
or from the original work of Alben et al. (1978)) but also applies for cubic or other
symmetries.

The most significant feature predicted by the random anisotropy model is the strong
variation of (K') with the sixth power of the grain size. Thus, fbr~ Ly/3, i.e., grain
sizes in the order of 10-15 nm, the magneto-crystalline anisotropy is reduced by three
orders of magnitude towards a few J/me., small enough to enable superior soft mag-
netic behavior. Correspondingligeg renormalized exchange lengthy, expands into the
um-regime and, thus, is almost two orders of magnitude larger than the natural exchange
length Ly. High resolution Kerr effect studies of nanocrystalline,ds€uNbsSii35Bg
indeed reveal very wide domain walls of aboufiy in thickness indicative of the low
effective anisotropy of the material (Sifler et al. 1991).

If there are no other anisotropies, coercivaiyd initial permeability are closely related
to (K) by

(K). R
JS ’ Mi = pu }1,0<K>7 (35)

He = pc
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where Js is the average saturation magnetization of the materiandp,, are dimen-
sionless pre-factors close to unity. Thesktiens, obvious for coherent magnetization
rotation, in the regimé < Ly, also apply for domain wall displacements (Herzer 1990)

— actually, on the scale of the 10 nm small grains the magnetization vector appears to
rotate coherently if a 2um (=~ Ley) wide domain wall passes by.

3.1.2. Grain size effect

The grain size dependence of the magnetic pitggeeof various nanocrystallized alloy is
summarized in fig. 3.3. The predictions of the random anisotropy model seem to provide
a good guiding principal through the magnetic properties for grain sizes below about
Lo ~ 40-50 nm. Thus, théD®-dependence is well reflected in the coercivity and the
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initial permeability and, similarly, Rayleigh’s constant which is proportionalitoH.
behaves like 1D*2.
If the grain size equals the exchange length the magnetization process is determined
by nearly the full magneto-crystalline anisotrofly. Accordingly, H. and 1/, are found
to run through a maximum in that grain sizegime. Finally, if the grain size exceeds
the domain wall width, domains can be formed within the grains &hdand 1/; tend
to decrease again according to the well knowmdlaw.
Still, the experimental variation of the grain size for the nanocrystallized material is not
completely unambiguous. It inevitablyqeires changes of the alloy composition and/or
the annealing conditions which both changes the volume fraction and composition of the
precipitated crystallites and the residual matrix. As a consequence the local magneto-
crystalline anisotropy constank;, and the exchange interactioA, between the grains
change simultaneously which causes the broad scatter of the data in fig. 3.3. Thus, for
example, the coercivity at corapable grain size is lower in the high Si content alloys than
in nanocrystalline Fe(Co)ZrB alloys since Si considerably reduces the magneto-crystalline
anisotropy ofa-Fe (cf. Gengnagel and Wagner, 1961). Similarly, the higher magneto-
crystalline anisotropy of Co signs responsiblatthanocrystalline Co-base alloys typically
reveal a 5 to 10 times higher coercivity than Fe-base alloys (Hasegawa and Saito 1991)
and, hence, are less suited for soft magnetic applications.
Figure 3.4 shows typical hysteresis loops for< Lo. A very characteristic feature in
the small grain size regime is the enhancement of the remanence to saturation ratio which
is aboutJ;/Js = 0.95 atD =~ 0.6L, for the one example shown in fig. 3.4. This is another
consequence if exchange interaction daa@s over the random anisotropies (Chi and
Alben 1976). Actually, this possible remanence enhancement by exchange interaction is
currently under intensive discussion foovel isotropic, nanoscaled hard magnets (cf.

Fukunaga and Inoue 1992).

Fe,q 5., CuNb,Siy, :Bg annealed 1h 540°C
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Fig. 3.4. Characteristic hysteresis loops in the nanocallyrst state. The average grain sizes for the examples
shown are about 25 nm farny, = 1.5 at% and 12 nm forn, = 3 at%, respectively.



NANOCRYSTALLINE SOFT MAGNETIC ALLOYS 439

Theory predicts the remanearatio to increase towardg/ Js = 1 for decreasing grain
sizes. Yet at smallest grain sizes, when the random anisotropy is sufficiently washed out,
more long-range uniaxial anisotropies take over the control and, as shown in fig. 3.4,
the remanence ratio decreases to values around 0.5. Relevant to this are magneto-elastic,
creep induced and field inducedisatropies. These additional anisotropies, as schemati-
cally indicated in fig. 1.1, limit the benefit of further grain size reduction for permeability
and coercivity. The latter is definitely the case in amorphous metals, but also for the high
Si content, nanocrystalline FgCu;NbsSi—B alloys, i.e., the further material optimiza-
tion has to attack magneto-elastic and induced anisotropies. While the magneto-crystalline
anisotropy is hardly visible in these optimized alloys, it still seems to limit the magnetic
properties of the low Si content Fe—(Nb, Zr)-B alloys.

To summarize, the mechanism of softening in nanocrystalline magnets is basically the
same as that for amorphous metals and related to the fact that the structural correlation
length is much smaller than the ferromagnetarrelation length. Thus, if the grain
size is sufficiently reduced (typically around 10-15 nm) we end up with soft magnetic
properties comparable to that of amorphoudaiseand the general factors for further
material optimization are pretty much the same.

3.1.3. Grain coupling

The suppression of magneto-crystallinesatiopy requires that the randomly oriented
grains are ferromagnetically coupled by exagpa interaction. Consequently, if the ex-
change interaction is reduced, the local anisotropies will be less effectively averaged out
and the soft magnetic properties will degrade.

The crucial role of the exchange interaction becomes most evident from the temperature
dependence of the magnetic propertiesr@gde 1989) which is shown in fig. 3.5. The ex-
change interaction between the b.c.c. grains mainly occurs via the interfacial amorphous
minority matrix in which the nanocrystallites are embedded. Thus, when the measur-
ing temperature approaches the Curie temperature of the intergranular amorphous phase
which is much lower than that of the b.c.c. grains (cf. fig. 2.7), the exchange coupling
between the crystallites is largely reduced. As a consequence the initial permeability then
drops down by almost two orders of magnitude and the coercivity increases correspond-
ingly. Simultaneously, as shown in fig. 3.6, the domain structure changes from wide
domains to a pattern of small, irregular domains @eh et al. 1991). The described
behavior is essentially reversible andus, obviously not connected with irreversible,
microstructural changes during the measurement.

The particular example shown in fig. 3.5 revealed a small uniaxial anisotigpy=(

6 J/n?) transverse to the ribbon axis induced by magnetic field annealing. In the low tem-
perature regime, this uniaxial, transversésatropy is larger than the averaged magneto-
crystalline anisotropy(K;) ~ 2 J/n¥, and, thus, controls the hysteresis loop indicated
by the small remanence. However, when approachifiy (K;) quickly increases due

to the reduced grain coupling and takes over the control of the hysteresis loop. This is
indicated by the sudden, reversible increase of the remanence to saturatioBraig,
beginning at about 20C€. From random particle theory (Tonge and Wohlfarth 1957,
1958), such a change is expected (i) to start as sooR g$K1) < 1 and (ii) to be
largely terminated for, /(K1) < 0.5. The B,/ Bs value finally reached af@™ is not
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residual amorphous matriZ ™ = 291°C) and the b.c.c.-graing ¢S = 607 C), respectively.

far from the theoretical value aB;/Bs ~ 83% for randomly oriented, non-interacting
cubic particles.

With increasing measuring tgrarature the coercivity reaeh a maximum and, finally,
decreases towards zero together with the remanent magnetization. Interestingly the latter
occurs at a temperature (58%) below the Curie temperature (60), of the b.c.c.-grains.

This indicates the transition to superparamagnetic behavior which has been confirmed by
a more detailed analysis of Lachowicz and Slawska-Waniewska (1994).

Hernando and Kulik (1994) showed that the maximuntofshifts towardsIg™, and
that, H. increases by one order of magnitude as ifitergranular distance is increased
from 6 ~ 1-2 nm tod ~ 5 nm. Simultaneously the onset temperatUig,for superpara-
magnetic behavior decreases and approximately coincidesTifttfor 6 ~ 13 nm.

The whole results for the magnetic behavior above the Curie ghifit, of the amor-
phous matrix indicates that the grain coupling is largely but not completely interrupted
aboveT2™ and still persists to higher temperatsr&et, the precise coupling mechanism
for T > T&M at present is still under discussion. Both exchange penetration through the
thin, paramagnetic intergranular layer (Hernando and Kulik 1994) and dipolar interac-
tions (Herzer 1995a) provide reasonable explanations for interpreting the experimental
findings. In any case the strength of the coupling decreases with increasing temperature
due to the simultaneous decrease of the magnetization in the b.c.c. grains. Consequently,
the soft magnetic properties keep on degrading even abgWeuntil thermal energy
dominates and the system gets superparamagnetic.
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300 um

room temperature

Fig. 3.6. Domain patterns of nanocrystalline/$-€Cu; NbsSiy3 5Bg (annealed 1 h at 54) at room temperature
and at 320C, i.e., above the Curie temperaturtioe residual amorphous matrix (Sder, Hubert and Herzer
1991).

The temperature dependence of the magnetic properties demonstrates that it is im-
portant to maintain an efficient exchange coupling between the grains by appropriate
alloy design such that the Curie temperature of the residual amorphous matrix is clearly
higher than application temperatures. Thus, for example, too high additions of Nb (or
comparable elements), although favorable for grain refinement, can be disadvantageous
because they decrease the Curie temperature of the matrix considerably (Yoshizawa and
Yamauchi 1991a). Similarly, reduced grain coupling due to a low Curie temperature of
the intergranular phase also provides one of the explanations for the minor soft mag-
netic properties in nanocrystalline Fe—ZraBoys (cf. Slawska-Waniewska et al. 1994)
or Fe—Hf—C thin films (Hasegawa et al. 1992).

3.1.4. Hard precipitates

In order to guarantee the magnetic softness of the ultrafine b.c.c. structure, it is
still very important to inhibit the formation of Fe—B compounds. Thus, annealing of
FerssCuNbsSii3sBg above 580C leads to the precipitation of FB with a typical di-
mension of 50 nm to 100 nm, while the ultrafine grain structure of b.c.c. Fe-Si still
persists up to at least 630 (Yoshizawa and Yamauchi 1991b). As already demonstrated
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in fig. 2.1, this change of microstructureascompanied by a severe degradation of the
soft magnetic properties.

Domain observations confirm that the ultrafibes.c. matrix is effectively hardened
by the precipitates although their volume fraction is very small. For samples annealed
at 580°C, i.e., in the very initial state of degradation, the domain pattern changes from
wide (= 400um) laminar domains to small, only 20m wide and irregular domains
and the magnetization process is governed by nucleationafSclet al. 1991). The
domain size indicates a volume fraction of only a few ppm which is hardly detectable by
electron microscopy. The irregular domain pattern scales down by at least two orders of
magnitude when the annealing temperature is further increased. AC6%0ally, when
the soft magnetic properties are completely degraded, the intergranular distance between
the borides equals about their size (50-100 nm) which corresponds to a small volume
fraction of only 10%.

The effective hardening caused by the;Berecipitates already at smallest volume
fractions is related to their relatively large size of 50-100 nm and, in particular, to their
large magneto-crystalline anisotropy constdti, of about 430 kJ/m(i.e., Lo ~ 5 nm).

It is quite instructive to look at the tempéuae dependence of the magnetic properties of
such “overannealed” nanocrystalline materials which is shown in fig. 3.7 together with
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Fig. 3.7. Temperature dependence of coercivify, and initial permeabilityu;, of overannealed nanocrystalline
Fez35CuNbsSip35Bg with slight traces of Fe&B, whose magneto-crystalline anisotropy consté&nit (lga,
Tawara and Yanase 1966) is included in the figure.
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the magneto-crystalline anisotropy constdit, of FeB. Thus, the good soft magnetic
properties of the nanocrystalline b.c.c. structure are largely recovered WhEeB)

passes through zero at 280 This particular temperature dependence allows to detect
even smallest amounts of borides hardly visible by more direct structural investigations
and, thus, provides a most sensitive tool in order to separate whether an eventual degra-
dation of the soft magnetic properties arises from too large b.c.c. grains or from hard
precipitates.

The deleterious impact of small amounts of boride compounds on the soft magnetic
properties is in particular visible in alloy compositions with low silicon and correspond-
ingly high boron content (cf. fig. 3.1) even if heat treated in an optimum way. The
suppression of the boride compounds by reducing the boron content and by simultane-
ously alloying more Nb or Zr, thus, results in a considerable improvement of the soft
magnetic properties for low Si contents.

3.2. Saturation magnetostriction

The second requirement for excellent softgnatic properties is the absence of magne-
tostriction in order to minimize magneto-elastic anisotropies

KO’ - _g)\sa (3.6)

arising from internal or ernal mechanical stress, For example, even stress relieved
toroidal wound cores may still reveal imtel stresses of a few MPa. In the amorphous
state the material reveals a high positive saturation magnetostrictiyrof23x 1076,

typical for Fe-base amorphous alloys. The associated magneto-elastic anisotropy of about
K, ~ 50 J/n¥, thus, limits the achievable initial permeability to typically~ 10°.

It is the actual highlight of nanocrystalline Fe-base alloys that the phases formed on
crystallization can lead to low or vanishing saturation magnetostrichgni-igure 3.8
summarizes the situation in the Fe—Cu—Nb-Si—B system. The decreasepufn the for-
mation of the nanocrystalline state is ultirelgtresponsible for the simultaneous increase
of the initial permeability up to more than one order of magnitude (cf. fig. 2.1).

While \s is fairly independent of the composition in the amorphous state, it depends
sensitively on the Si content in the nanocrystalline state, passing through zero at low and
at high Si concentrations around 16 at%. Thenposition dependence essentially reflects
the compositional variation ofs found for polycrystallinen-Feypo_, Si,. (cf. Yamamoto
1980).

The detailed behavior oks can be understood from the balance of magnetostriction
among the structural phases present in the nanocrystalline state, i.e. (Herzer 1991)

As & Ve AESST L (1 — pg ) A3™, (3.7)
where\5®S and\2™ denote the local magnetostriction constants ofitee—Si grains and

the residual amorphous matrix, respectively. As an example, fig. 3.9 shows the decrease
of A\s on annealing in terms of the increasing crystalline volume fraatign
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Thus, near zero magnetostriction in nanocrystalline Fe-base alloys requires a large
crystalline volume fraction with negative magnetostriction in order to compensate the
high positive value of the amorphous Fe-basgatrix. This is achieved either by a high
Si content in the b.c.c. graina[®S ~ —6 x 107° for a-FesoSiy), like in the Fe—~Cu—Nb—

Si-B system, or if the grains consist of pureFe (\;® ~ —4 x 107) like in Fe-Zr-B
alloys (Suzuki et al. 1991) or Fe—(Si)—Hf-C thin films (Hasegawa et al. 1992). For the
low Si content alloys it is further important to have a low boron concentration in order
to obtain a large crystalline fraction and to suppress the formation of boride compounds
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Fig. 3.9. Dependence of the saturatimagnetostriction (measured at°8l) on the fraction of the precipitated
b.c.c.-Fe-Si grains for samples annealed at difteremperatures and times (after Twarowski et al. 1995).

which yield a positive contribution tag (cf. the increase ol in fig. 3.8(a) at elevated
annealing temperatures where such boride compounds are formed).

An important point to stress is that the superposition of the local magnetostriction
constants to zero really results in stresseinsitivity of the magnetic properties like in
amorphous Co(Fe)-base alloys. This is again a consequence of the smoothing effect of
exchange interaction for structural cdaton lengths much smaller than the domain
wall width. Thus, the nano-scale fluctuations in magneto-elastic anisotropy associated
with the locally varying magnetostrictiorawe randomly averaged out which results in
a single isotropic magnetostriction coefficient. The situation, thus, contrasts with that
for large grained crystalline systems, where an average zero saturation magnetostriction
does generally not imply stress-insensitivity of the hysteresis loop. Thus, the small grain
size is also a decisive factor for the magnetostriction: although it does not directly
influence the value ofs, it opens a new way to achieve isotropically low magnetostriction
by combining the properties of different structural phases with the help of exchange
interaction.

The decrease of magnetostriction is theuatteason for the simultaneous increase of
the initial permeability upon theofmation of the nanocrystalline state. Correspondingly,
as shown in fig. 3.1, the soft magnetic properties in the nanocrystalline state improve
when the Si content is increased towards Mjex 0 composition at 16 at%. Still, the
maximum permeability is not necessarily found at the~ 0 line, but at somewhat
lower Si contents of around 13 at%. This indicates the presence of further anisotropy
contributions increasing towards high Si contents. One explanation is the grain size
which is slightly increasing at very high Si contents (Herzer 1991). Another source
for the decrease of permeability at higher ®intents are creep induced anisotropies
(see next section). For the oth&f ~ 0 composition at zero Si content, the benefit of
zero magnetostriction is limited by a still nogiable contribution of magneto-crystalline
anisotropy.
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3.3. Creep induced anisotropies

Mechanical stresses not only cause an anisotropy via magnetostrictive coupling, but
being present during annealing can also induce an uniaxial anisotropy due to mechanical
creep deformation. The basic features of the creep induced anisotropy in Fe—Cu—Nb—
Si-B alloys (Kraus et al. 1992, Herzer 1994a) are fairly the same as they are well
known from amorphous alloys (Hilzingdi981, Nielsen 1985) — no matter whether the
anisotropy is induced in the amorphous stéie, already nanocrystalline state or during
nanocrystallization.

Figure 3.10 shows some typical hysteresisfs after crystallization under tensile
stress. The induced anisotropy energ,, is proportional to the tensile stresss,,
applied during annealing, i.e.,

K,= —g koan, (3.8)

whereby the magnetic easy axis is either paraftet-(0) or perpendiculark < 0) to
the stress axis. The proportionality constant betw&grand o4, defines the anisotropy
parametef, which is a convenient quantity to charedte the induced anisotropy since
it eliminates the explicit stress dependence. Actually, from the way of its definition,
k is a kind of fictive magnetostriction constant which would yield an magneto-elastic
anisotropy equivalent t&, if the material was deformedagtically by an applied tensile
stresso = oan.

Figure 3.11 shows the variation of the creep induced anisotropy pararheteith
the annealing temperaturé, and the composition. The decreasekofor T, > 480°C
coincides with the transformation from tlaenorphous to the nanocrystalline state which
is completed forT, > 500°C. The creep induced anisotropy in the amorphous state
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Fig. 3.10. Dc-hysteresis loops of :38,Cu Nb3Siis 5B nanocrystallized by annealing for 1 h at 34Dunder
tensile stress.
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is comparable to that typically observed in other amorphous alloy systems. However,
upon devitrification, its absolute value significantly increases. Within the range where
the nanocrystalline state is formed, the amispy induced during crystallization is fairly
insensitive to the annealing time and tengiare and, thus, corresponds to an equilibrium
value mainly determined by the Si concentration. In particular, the magnetic hard ribbon
axis (¢ < 0) observed for high Si contents turns over to an easy ribbon &xis ()

for alloys with Si concentration below abol® at%. An anisotropy of similar order of
magnitude can also be induced in samples previously crystallized without stress. However

in that caseK is more sensitive to the annealing conditions due to a considerably slower
kinetics of anisotropy formation.
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Fig. 3.11. Creep induced anisotropy parametes —2/3- Ky/o, of Fe—-Cu-Nb-Si-B alloys: (a) Influence of
the annealing conditions and (b) role of the composition in the nanocrystalline state.
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The order of magnitude, the variation with annealing temperature or alloy composition,
in a way, is similar for both the creep induced anisotropy paramietand the saturation
magnetostriction\s, respectively. However, there aadso significant differences. In
particular, both quantities change sign at different Si concentrations. As a consequence, a
strong creep induced anisotropy is found foe hear zero magnetostrictive compositions.
Thus, although there is a certain analogy in the behavidr afd ), there is no direct
correspondence.

The absence of a one to one correlatiotwa®n creep induced anisotropy and macro-
scopic magnetostriction is not a particular aspect of the nanocrystalline material but is
well known for amorphous alloys (cf. Hilzingel981). For the latter Hernando et al.
(1985) proposed that the creep induced anisotropy should be related to some local con-
stituents of the magnetostriction coefficisnonly, connected to certain types of short
range order. Such local magnetostriction contributions clearly exist in the nanocrystalline
state and are related to the amorphous matrikthe crystallites. Indeed, the closer anal-
ysis of the experimental data (Herzer 1994a) reveals that the strength and orientation of
the creep induced anisotropy closely correlates with the local saturation magnetostriction,
AEeSt of the a-FeSi crystallites and can be expressed by

Ky~ —g Sl v, (3.9)

where AE®S! is the local saturation magnetostriction of the b.c.c. Fe=Si grains and
is the crystalline volume fraction. The internal stressgs,in the crystallites, in the
equilibrium case, almost equal to the stress magnitade, applied during annealing
i.e., in this case the anisotropy parameter normalized to the crystalline fraktion,
directly corresponds to the the local magnetostrictidi§?, of the crystallites.

The likely origin for the internal stresses on the crystalliteanglasticcreep defor-
mation of the residual amorphous matrix. This yields a bond-orientational anisotropy
in the stress free state (Suzuki, Haimovich and Egami 1987). The back stresses due to
this polarization of atomic bonds act to increase the dimension along the previous stress
axis so that the bond distribution in the amorphous matrix becomes isotropic again. This
elongation is finally balanced by the elastic energy of the amorphous matrix and the
crystallites.

Thus, the creep induced anisotropy in the nanocrystalline state mainly originates from
the magneto-elastic anisotropy of the b.c.c. grains due to tensile back stresses exerted
by the anelastically deformed amorphous matrix. The residual amorphous matrix itself
gives only a minor contribution to the anisotropy energy. This can be understood from
(1) the comparably low magnitude of the creep induced magnetic anisotropy generally
observed in amorphous alloys which (2) in the nanocrystalline state is still weighted by
the relatively small volume fraction of the amorphous matrix.

Creep-induced anisotropies, in principal, allow to tailor linear hysteresis loops by an-
nealing under controlled tensile stress. However, while this procedure may be applicable
for amorphous alloys, the enititement upon crystallization practically rules out this pos-
sibility for the nanocrystalline material. Agally, the practical impact of creep induced
anisotropy in nanocrystalline materials is of more disturbative nature. For example, thin
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SiO,-layers give rise to small tensile stresses during the anneal treatment which yield an
unwanted creep induced anisotropy and thus a degradation of the soft magnetic properties
even for zero-magnetostrictive compositions (cf. del Real et al. 1994). This is a particular
problem for the nanocrystalline materialnse its creep induced anisotropy is more than
one order of magnitude larger than e.g., in near-zero magnetostrictive, amorphous Co-
base alloys. The increase of the absolute value of creep-induced anisotropy towards high
Si contents, thus, is able to explain the simultaneous decrease of permeability (fig. 3.1)
although the magnetostriction passe®tigh zero. This decrease of permeability is ac-
companied by a decrease of the remanence to saturation ratio indicative of disturbative
uniaxial anisotropies transverse to the ribbon axis. The low remanence ratio further in-
dicates that the degradation of the soft magnetic properties is not primarily caused by
magneto-crystalline anisotropy due to the slightly increasing grain size since this would
yield a remanence enhancement.

3.4. Magnetic field induced anisotropies

So far magnetic anisotropies have been discussed as a rather disturbative factor for the
soft magnetic properties. However, if properly controlled, they also can be a powerful
tool in order to tailor the shape of the hysisis loop according to the demands of various
applications. Like in other soft magnetic materials this can be realized by magnetic field
annealing, which induces a uniaxial anisotropy with an easy axis parallel to the direction
of the magnetic field applied during the heat treatment. Some typical examples are shown
in fig. 3.12.

The almost perfect rectangular or flat shaped hysteresis loops obtained after field
annealing indicate that the field induced anisotropy clearly dominates over the other
anisotropy contributions, iteding the magneto-crystalline anisotropy. Still, the induced
anisotropy constantk’,, can be tailored small enough in order to achieve highest per-
meabilities (for exampleK, ~ 6 J/m? and ;. ~ 100000 as for the F1 loop shown in
fig. 3.12).

The flat shapedoops (F1, F2) are obtained by transverse field annealing, i.e., by in-
ducing a uniaxial anisotropy perpendicular to the ribbon axis. The magnetization process
is determined by rotation of the magnetization vectors from the easy direction towards
the ribbon axis. This results in a permeabiljty,practically constant up to ferromagnetic
saturation which by

= JZ/(2p0 Ku) (3.10)

is directly related to the induced anisotropy energy consfapt,

The rectangular loop (Z) results after longitudinal field annealing. The uniaxial
anisotropy is parallel to the ribbon axis and, thus, the magnetization process is dom-
inated by 180 domain wall displacements. Higstemaximum permeabilities can be
achieved this way. Since the domain wall energy is proportional to the square root of
K, low induced anisotropies in this case facilitate domain refinement which results in
good dynamic properties like, e.g., reduced anomalous eddy current losses.
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Fig. 3.12. Quasistatic hysteresis loops and 50 Hz permeability of nanocrystalligg GteNb3Sii35B9 an-

nealed for 1 h at 540C without (R) and with a magnetic field apm parallel (Z) and transverse (F2;

Ky ~ 20 J/n?, 1 ~ 30 x 10°) to the magnetic path. Sample FK{ ~ 6 J/n®, i ~ 100 x 10°) was first
crystallized at 540C and subsequently transverse field annealed a&tG50

Theroundloop (R) results after conventionahealing without magnetic field. This,
however, does not mean that there are no induced anisotropies. The latter are always in-
duced along the direction of the local sporgans magnetization within a ferromagnetic
domain as long the annealing temperature is lower than Curie temperature. A ferro-
magnetically saturating magnetic field just induces a uniform anisotropy. Thus, the heat
treatment without field produces a random distribution of uniaxial anisotropies induced
parallel to the magnetization vector in each @&m The remanence to saturation ratio
of around 50%, typical for randomly oriented uniaxial anisotropies, indicates that these
randomly induced anisotropies fluctuate on a scale larger than the exchange length and
effectively contribute to the hysteresis loop. The magnetization process is a mixture of
magnetization rotation and domain wall diapéments. Characteristics features of the
round loop are a high initial and high maximum permeability.
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Fig. 3.13. Field induced anisotropysy, in nanocrystalline Fe—Cu—-Nb-Si-B alloys: (a) Influence of the an-
nealing conditions and (b) role of the composition in the nanocrystalline state.

The field annealed samples mostly revealn@aler coercivity than the samples an-
nealed without field which can be understood from the more simple domain configuration
due to the uniform induced anisotropy. Correspondingly, proper transverse field annealing
allows higher initial permeabilities than ohtaid by the conventional heat treatment and
as shown in fig. 3.1. It, hence, extends the range of highest initial permeabilities towards
higher Si-concentrations, in particular towards thex~ 0 composition.

The tremendous practical impact of field-induced anisotropies is almost self-evident.
The understanding of the induced anisotropy energy is, thus, lastly the key for the re-
producible control of the soft magnetic properties. The magnitud& pfienerally de-
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pends upon the annealing conditions (Yaslwa and Yamauchi 1990b) and on the alloy
composition (Herzer 1994b). Figure 3.13 sumizes the situation in nanocrystalline
Fe—Cu—Nb-Si-B alloys annealed in a transverse magnetic field.

If the material is nanocrystallized first without applied field and subsequently field
annealed at lower temperatures, the hasy induced anisotropy depends sensitively on
the field annealing temperaturg,, and the annealing time,. Still, this dependency is
insensitive enough to make use of the annealing conditions in order to tailor the desired
level of permeability as exepfified by the F1- and F2-loops shown in fig. 3.12. Lowest
induced anisotropies, i.e., highest permeabilities can be achieved this way.

If the field annealing is performed during nanocrystallization, the induced anisotropy
reaches a maximum value which is relativéhsensitive to the precise annealing con-
ditions and, thus, corresponds to the equilibrivalue characteristic for the alloy com-
position. The most prominent influence of the alloy composition hereby arises from the
silicon and boron contents. The inducedsatropy energy decreases with increasing
metalloid contents and, in particular, with increasing Si/(Si+B) ratio. Accordingly, the
lowest anisotropy energies and, thus, tiighest permeabilities afeund for the high Si
content alloys. The effect of the copper and niobium concentratioR pis only minor
as long as both elements are chosen such that a homogeneous nanocrystalline structure is
formed. However, the influence of niobium or other refractory element& prs fairly
significant when its concentration is critical in order to obtain a fine, homogeneous grain
structure. This is in particular the case for the alloy compositions with very low silicon
and correspondingly high boron conten&uch compositions tend to reveal traces of
boride compounds and may also have larger, inhomogeneous b.c.c. grains.

The anisotropy induced during nanocrystallization in a magnetic field primarily origi-
nates from the b.c.c. grains (Herzer 1994b, 1995b). The reason simply is that magnetic
field annealing can only induce a magnetic anisotropy if the annealing temperature is
below the Curie temperaturé;. Thus, the typical annealing temperature of 540ds
below theT; of the b.c.c. grains (60C to 750C), but clearly above th&; of the
amorphous matrix (20@ to 400C).

Consequently, the macroscopic anisotrdgy, the anisotropy locally induced in the
b.c.c. grains, i.e.K S, and the crystalline fractions,, should be related by

Ky = v KEeS! (3.11)

provided no further highi;-phases, like, e.g., boride compounds, are present. Accord-
ingly, Ky/ve has been plotted versus the Si content of the b.c.c. grains in fig. 3.14. This
representation rearranges most of the anisotropy data on a single line and, thus, brings
about a considerably clearer view of the alloying effect. Thus, the induced anisotropy in
nanocrystalline Fe—Cu—Nb-Si—-B alloys is mainly determined by the Si content and the
fraction of the b.c.c. grains. The dependencef/ v on the Si content in the b.c.c.
grains is comparable with that observed for conventien&leSi single crystals (Sixtus
1962, 1970) where the formation of the field induced anisotropy has been proposed to
arise from the directional ordering of Si-atom pairs.

The decrease oK, with increasing Si content, in terms oféll's (1954) theory, can
be related to the formation of a DGuperlattice structure for Si-concentrations above
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about 10 at%. For completely ordereds;Bg the lattice sites for the Fe and Si atoms
are entirely determined by chemical irdetions, allowing no degree of freedom for an
orientational order. However, for a composition EgSi, with less than 25 at% Si no
complete DQ order can be reached and Fe atamils occupy the vacant sites in the Si
sublattice. The way the latter is done prd®$ the necessary degrees of freedom for an
orientational order. Thus, the present anisotropy data above about 10 at% Si can be well
described by

Ky/ve = Ko (1 — ¢?), (3.12)
wherec = (1 — 4y) denotes the fractional concentration of Fe at Si sites (see dashed
line in fig. 3.14). The lowK -level due to the superlattice structure at higher Si con-
tents is an additional key factor for the high initial permeabilities which can be achieved
in these alloys despite their high Curie temperature and their high saturation induc-
tion.

For low Si contents, the situation is neocomplex and still under investigation. Pure
«a-Fe should reveal no field induced anisgy in accordance with the decreasegf
reported fora-FeSi single crystals towards low Si contents (Sixtus 1962, 1970). However,
the nanocrystalline alloys still shows arwsiderable amount of induced anisotropy at
vanishing Si contents. This indicates (1) that the crystallites do not consist ofvfeeer
(2) the presence of other high-phases, like FB (7, ~ 550°C) or FeB (1. ~ 740°C)
compounds which may significantly contribute k9,. The latter is supported by the
decrease of<, upon reducing the boron content and increasing the Nb or Zr content
which, as discussed before, suppresses the formation of such compounds.
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4. Application oriented properties

Low effective magnetocrystalline anisotropy and low or vanishing magnetostriction are
the key to superior soft magnetic properties. There are only a few alloy compositions that
exhibit this combination of properties: themnalloys, Sendust, manganese—zinc ferrites,
the amorphous cobalt-based alloys and, theoogystalline iron-based alloys. As exem-
plified in fig. 4.1, however, among these materials, the nanocrystalline alloys offer the
highest saturation inductio®s, and, simultaneously, the highest level of permeability,
Typical commercial grades by now available under the tradenames FIN@/KIETIachi

Metals Ltd. 1993) and VITROPERW (Vacuumschmelze GmbH 1993) are located at
the compositions Fe4CuNbsSiiz16Bs—o and offer a saturation induction of typically
Bs = 1.2-1.3 T and initial permeabilities up @ ~ 150 x 10°.

Of course, soft magnetic applications not only require highest permeability and lowest
coercivity. A well defined shape of the hgsesis loop with not necessarily highest but a
well defined level of permeability adjusted to the particular application is as important. As
discussed before this is managed by magnetic field annealing which allows to tailor a wide
range of properties. The flat type hysteresis loops (cf. fig. 3.12) have proven to be particu-
larly useful in a series of applications and, therefore, will be highlighted in the following.
The level of permeability can be varied from abpyts 30 x 10 (e.g., VITROPERNP®

500F, FINEMET® FT3-L) to about 100« 10° (e.g., VITROPERNP® 800F). Highest
permeabilities are required for magnetic coregground fault interrupters or common
mode chokes. Applications where a lowerpegbility level is more suitable are, for ex-
ample, magnetic cores for high frequency powansformers in switched power supplies
or for interface transformers in the ISDN-telecommunication network.
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Fig. 4.1. Typical initial permeabilities and saturation intloies for low magnetostrictive, soft magnetic mate-

rials.
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Low losses, good high frequency behavior, favorable temperature dependence and
high thermal stability of the soft magnetic properties are further requirements for most
applications. We will discuss in more detail below these more general demands which
as well are advantageously fulfilled by the nanocrystalline alloys.

The only draw-back of the nanocrystalline material seems to be the severe embrittle-
ment upon crystallization which requires findlape annealing and restricts their appli-
cation mainly to toroidally wound cores.

4.1. High frequency behavior and losses

Figure 4.2 gives an example of the frequenependence of the absolute value of com-
plex permeability and its imaginary pait’ in terms of the relative loss factar’ /|u/?.
The latter is directly related to the cycle losses at constant induction amplituze

P ﬂ'Bzy,”
r_ , (4.1)
o polpf

The core losses are compared in fig. 4.3 with those of other soft magnetic materials. Ac-
cordingly, the frequency dependence of permeability and the core losses of the nanocrys-
talline FeCuNbSIiB alloys are comparabte those of amorphous Co-based alloys and
surpass by far the properties of conventional materials, even that of ferrites, over the
whole frequency range up to several 100 kHz. The data given here are for the flat
type hysteresis loops. Such low remanend® renaterials generally show the best dy-
namic properties due to the homogeneousnge of magnetization by rotation and can

i LA LR | IR | B R " 2
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1 F673A5CU1Nb3Si15>5B7 E
(0 R — 510"
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Fig. 4.2. Frequency dependence of permeabiljty, and the relative loss factog” /|u|?, for nanocrystalline
Fez3.5CupNb3Siis5.5B7 and comparable, low remanence soft magnetic materials used for common mode choke
cores.
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be well described by classical eddy current loss theory. High remanence loops, where
the magnetization process is determingddomain wall displaceents, show up higher
losses (typically twice to three times) due to “anomalous” eddy current contributions.
Still, this is generally the case for all materials and, in comparison, the nanocrystalline
and Co-based amorphous alloys again behave advantageously (Yoshizawa and Yamauchi
1989).

The favorable high frequency behavior is essentially related to (1) the thin ribbon
gauge ofd ~ 20um inherent to the production technique and (2) to a relatively high
electrical resistivity of typicallyp ~ 115uQ cm related to the high Si content in the
b.c.c. grains (cf. Bozorth 1951) and the intergranular amorphous phase. Both parameters
are comparable to amorphous metals and yield low eddy current Id&seghich in thin
sheets at a frequengyand a induction leveB are given per volume by (cf. Kupfiatier
1990 or other textbooks)

_ 8 sinhz —sinz (rd fB)? _ (wd fB)?

®" zcosht —cosz  6p a<1 6p (4.22)
with © = 2,/ f/ fw, where
_ %
o= (4.2b)

is the limiting frequency above which the exciting magnetic field no longer fully pen-
etrates the specimen and, accordinglg frermeability decreases as a function of the
frequency (cf. fig. 4.2). The low coercivity of typicallfZ. < 0.5-1 A/m furthermore
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Fig. 4.3. Core losses vs. frequency for nanocrystallings 58u; NbsSiis 5B7 and other low remanence, soft
magnetic materials used for higrequency power transformers.
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minimizes the contribution of hysteresis loss and, thus, also guarantees lowest total losses
at line frequency and below.

4.2. Temperature dependence of the magnetic properties

The temperature dependence of the permeability is shown fig. 4.4 in comparison with
other materials. In highly permeable cigitine alloys, like permalloy (80% NiFe), the
magnetocrystalline anisotropy constdiit is adjusted to zero by alloying and anneal-

ing which, however, is effective only for a ¢am temperature. Thus, the temperature
dependence oK yields a pronounced variation of the soft magnetic properties around
the temperature wher& is zero (cf. Pfeifer 1992). In particular, the drop of perme-
ability towards lower teperatures (because &f; > 0) can be a problem for certain
applications like, e.g., magnetic cores for ground fault interrupters. In comparison, in
nanocrystalline and amorphous materials tin@gnetocrystalline anisotropy is averaged

out by exchange interaction which is effee over a large temperature range. Accord-
ingly the magnetic properties vary smoothly in both materials. In amorphous alloys the
behavior is mainly determined by induced anisotropies whose magnitude decreases and,
thus, the permeability typically increases with increasing temperature. The situation is
somewhat more complex in nanocrystatlimaterials. While in soft magnetic amorphous
alloys the contribution of the random atomic scale anisotropies is totally negligible, this
is not the case in nanocrystalline materials due to the larger structural correlation length.
Thus, as discussed in section 3.1.2, the soft magnetic properties tend to degrade towards
higher temperatures since the intergranular exchange coupling is reduced (cf. fig. 3.5). At
application temperatures, this mechamig/pically causes a smooth decrease of perme-
ability with increasing temperature (cf. Ydgawa and Yamauchi 1991a). This decrease,
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J Y //
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i \ s
9 i \ .
3 i \ e
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o
Q
3 5p
Ny
S
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15+
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Temperature, T (°C)

Fig. 4.4. Relative change of the initial permeability madized to its room temperature value vs. the typical
range of application temperatures for comparable, highly permeable soft magnetic materials.
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Fig. 4.5. Temperature dependenaf the saturation magnetizatiodls, and the saturation magnetostrictioxs,
of nanocrystalline Fg sCu; NbsSiis 5B7 (full lines) and a comparable, highly permeable amorphous Co-based
alloy (dashed lines).

however, can be compensated by appropriate choice of the annealing conditions and the
alloy composition. Thus, as exemplified in fig. 4.4, it is possible to adjust an almost negli-
gible temperature dependence of permeability over the whole range of typical application
temperatures — the physical mechanism is still under investigation.

Figure 4.5, finally, complements the tematire dependence of saturation magneti-
zation and saturation magnetostriction of the near-zero magnetostrictiye(tgeNbs-
Si;55B7 composition. The magnetostriction passes through zero near room temperature.
Its temperature variation around = 0 is stronger than in near-zero magnetostrictive
amorphous Co-based alloys. Still, the magsetotion of the nanocrystalline alloy can
be kept as small ag\s] < 0.2 x 107° over the whole range of typical application
temperatures.

4.3. Thermal stability

Long-term thermal stability of the magneticgperties is a further requirement for appli-
cation, in particular at elevated operation fesratures. Empirically, thermally induced
aging of the magnetic properties is the more critical the better these properties are.
Apart from temperature and time, the agibehavior also depends on the magnetiz-

ing conditions during operation whose limiting cases are the remanent (or demagne-
tized) state and the ferromagnetically saturated state, respectively. The latter generally
represents the worst case. Figure 4.6 compares the aging behavior of nanocrystalline
Fez35CuiNbsSiis 5B7 with flat type hysteresis loop with that of other highly permeable
materials. The thermal stability of the nanocrystalline material surpasses by far that of
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The comparison is made for materials with low remanence hysteresis loops.

amorphous alloys and even that of permalloys. This allows higher continuous service
temperatures up to 18G.

The mechanisms of thermal aging, in principal, are the same as those which are used
to tailor the magnetic properties during annealing but at a reduced kinetics due to the
comparably lower operation temperature. A dominant contribution arises from the for-
mation of locally field induced uniaxial anisotropy along the spontaneous magnetization
vectors within the ferromagnetic domains. This explains, for example, the distinct aging
behavior for different magnetizing conditis. During aging at remanence the magne-
tization is aligned parallel to the anisotropy axis which increases the magnitude of the
induced anisotropy and, thus, decreasespgrmeability. Aging at saturation induces a
longitudinal anisotropy which reduces the transverse anisotropies and, hence, first in-
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creases the permeability and, finally, changes the loop characteristics from a linear, flat
type to a square loop.

The excellent thermal stability of the magnetic properties in nanocrystalline alloys is
closely related to the factors governing the anisotropy formation discussed in section 3.4.
Thus, the reduced degrees of freedom for anisotropy formation due to the superlattice
structure together with the HigCurie temperature allow tdabilize very small induced
anisotropies and, hence, high permeabilities at annealing temperatures much higher than
it is possible for highly permeable amorphous alloys or permalloy. This essentially re-
duces the kinetics for anisotropy changes at application temperatures. In comparison
with amorphous metals, the thermal stabilityaigditionally improved by the more stable
crystalline structure.

5. Conclusions

Nanocrystalline Fe based alloys combine the advantageous properties of various soft
magnetic materials, i.e., the high saturation induction of Fe-based alloys, the high per-
meability and low magnetostriction of permalloys or amorphous Co-based alloys and the
favorable high frequency behavior of ferrites or amorphous metals.

The key to this property combination is the structural correlation length which is much
smaller than the ferromagnetic correlati@ngth. Thus, like in amorphous metals, the
magneto-crystalline anisotropy is randomlyeeaged out by exchange interaction. But at
the same time the averaging effect of exchaimgeraction in the small grain size regime
allows to combine the individual properties different structural phases which expands
the variability of property tailoring over that of alloying single phases. The isotropically
low or vanishing magnetostriction which can be achieved in this new way is a particular
example.

The most superior soft magnetic properties are found for the original compositions
around Fe74Cu;NbsSii316Bs—g and are comparable to the excellent properties known
so far from permalloys or Co-base amorphous alloys. The advantages, however, are the
higher saturation induction of 1.2-1.3 T and a significantly better thermal stability of
the soft magnetic properties. The material is meanwhile offered commercially with a
wide range of properties appropriate for various applications. The combination of high
saturation magnetization, high permeabilggod frequency behavior, low losses and the
good thermal stability allows the reductiof size and weight of magnetic components
used in, for example, switched mode powappglies or telecommunication. Apart from
its technical performance the material is @d®n the inexpensive raw materials iron and
silicon. The amorphous pre-cursor materiatiod Fe—Cu—Nb-Si-B alloys furthermore is
easily accessible by rapid solidiéition from the melt — a well established technique for
large scale production of amorphous metals. All together has led to a steadily increasing
application of the new material in magnetiores for ground fault interrupters, common
mode chokes and high frequency transformers.

A second family of near-zero magnetostrictive, nanocrystalline alloys are based on
Fe. ss+91(Cu)—(Zr, Nb).;B,—g and exhibit a still higher saturation magnetization up
to 1.7 Tesla. The soft magnetic properties are comparable to those of crystalline 50—
60% Ni—Fe or amorphous Fe-base alloys bunbmed with low magnetostriction and
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lower losses. These alloys an@rt/atives are currentlytii under intensive research.
Their major draw-back is a lower glass forming ability and/or castability due to the
oxygen reactivity of the Zr addition. Thus, these alloys presently are still restricted to the
laboratory scale, since they require a by far more sophisticated production technology
than the more conventional Fe—Si—B compositions.

Thin film and multilayering technique allow to prepare and to combine a still wider
range of alloy compositions and different structural phases and, thus, provide a huge
potential to expand considerably the accessiptoperty spectrum of nanocrystalline
systems in particular for future high-frequey devices, e.g., for magnetic recording.

Apart from their technical impact the nanocrystalline materials offer a fascinating sys-
tem to study magnetic interactions. Thus, for example, they combine even within a single
sample a variety of phenomena ranging from soft, over hard to finally superparamagnetic

behavior.
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