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Abstract

The unique combination of the metallic bond and glassy struc-
ture makes amorphous metals very useful for various applications.
Hoﬁever, in order to harvest the maximum benefit from the new
materials, their physical properties must be throughly understood.
This is not an easy task for the amorphous solids, hence the
applications of amorphous metals usually precede their detailed
understanding. Here, instead of giving an extensive review of the
present. and potential applications of amorphous metals we focus our
attention to the question why these properties. In particular we
use our recent results for the magnetic and mechanical properties
of Fe-Ni base alloys in order to discuss the nature of their
magnetism. We also point out their exceptional frequency characte-
ristics and discuss a possible future developments in the research
and applications of amorphous metals.

1. Introduction

Ten years passed from the first systematic appearence of the
amorphous metals on our condensed matter conferences /1/. The
worldwide research into the properties of amorphous metals has
intensified considerably over these ten years. This has been result
of the need for new materials, the development of new fabrication
methods, and the fact that fundamental ideas about the properties
of highly disordered materials in general can be tested by a
variety of experimental methods. The amorphous metals are already
used in numerous applications: the exploitation of soft ferromagne-
tism in Fe-B type metallic glasses being the most notable example.

The research into the properties of amorphous metals has also
progressed considerably in our country. The pioneering work of
Zagreb group /1/ has been continued and expanded by several rese-
arch teams throughout Yugoslavia. The range of research topics has
also been brodoned and presently includes the preparation condi-
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tions, the formation and stabillity (includ;ng relaxation), almost
all physical and some chemical properties (corrosion resistance).
Except for the local ones (such as NMR and the M&ssbauer effect)
almost all other experimental techniques are presently employed in
these investigations. Various forms of collaboration with about
twenty well known laboratories from Europe, USA and Australia have
also been established. The Yugoslav contributions to the research
of amorphous metals have been published in over 200 scientific
papers.

The space allowed for this paper is not sufficient in order to
describe the main results of the above research. Because of that we
give here only a brief account of our contemporary research into
the selected physical properties of Fe-Ni base metallic glasses.
Since these alloy systems are already exploited in the applications
of soft ferromagnetism we start with the short discussion how the
favourable properties and the simplicity of making the final pro-
duct affect the applications of metallic glasses. Static magnetic
and mechanical properties of FeNiBSi amorphous alloys are discussed
in parallel and the clue for their understanding given. We also
preseht some very recent results for the dynamical magnetic proper-
ties (core loss, coercive field and remanence) of these alloys,
which are crucial for their technological applications. Finally,
we try to indicate some research topics which could be of parti-
cular importance for the future understanding and technological
applications of amorphous metals.

2. Basic properties and the efficiency of production

Amorphous metals are nonequilibrium (metastable) metallic
solids with the structure similar to that of glass. When prepared
by the rapid solidification (quenching) from the melt they are
usually called metallic glasses or glassy metals. In amorphous
metals, the interplay of the amorphous (glassy) structure and of
the metallic bond often yields a unique combination of favourable
properties of metals and glasses as illustrated in Table 1. We
emphasize here that it is the combination of properties (rather
than a single property) which makes the amorphous metals so
useful for various applications. In particular (Table 1) some
amorphous alloys may have very high yield strength, hardness,
breaking limit and ductility, and to be, at the same time, extrem-
ely soft ferromagnets (a narrow hysteresis loop) with a rather high
resistivity and corrosion resistance. In the case of metallic
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Table 1: Comparison between the properties of Metals, Glasses and
Amorphous Metals /2/

PROPERTY METAL GLASS AMORPHOUS METAL
Structure Crystalline Amorphous Amorphous
Bonding Metallic Covalent Metallic
Yield Stress Non-ideal Almost ideal Almost ideal
Workability Good,Ductile Poor,Brittle Good,Ductile
Hardness Low to High Very High Very High
UTS Low to High Low High to Very High
Corrosion Res. Poor to Good Very Good Very Good
Optical Trans. Opaque Transparent Opaque
Thermal Cond. Very Good Poor Good
Resistivity Very Low Very High Low
Magnetic Prop. Various Non-exsistent Various

glasses the efficiency of their production has also beneficial
effect on their applications.

A qualitative understanding of the basic properties of metal-
lic glasses is rather simple. The amorphous structure (the absence
of translational invariance or long range order) ‘combined with the
metallic bond (strong and isotropic) makes the metallic glasses
uniquely homogeneous and isotropic solids. Indeed these properties
alone can explain most of the properties of metallic glasses
depicted in Table 1. In particular, good mechanical and corrosion
resistant properties arise from their homogeneity (for example,
high yield strength and the absence of pitting corrosion are due
to a lack of the well defined extended defects, such as the grain
boundaries and specific dislocations), whereas the soft magnetism
arises from their isotropy (the absence of the magnetocrystalline
anisotropy). Similarly the disorder alone explains well the
qualitative features of .their transport properties /1/: rather high
resistivity and its low temperature coefficient arise from frequent
scattering of the conduction electrons on structural (frozen-in)
disorder.

A more detailed, quantitative understanding of the properties
of amorphous metals is however very difficult to achieve. This
arises from the disorder (a lack of periodicity) which makes both
the techniques for the determination of their structure (x-ray and
other diffractions) and the usual methods of the theoretical solid
state physics (based on periodicity) less effective. Therefore a
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detailed and systematic experimental investigation is .the main way
of increasing the knowledge and understanding of metallic glasses.

The economy considerations (for example the cost of raw

. materials and the efficiency of production) play often a decisive
role in the applications of the new materials. The materials
(therefore their costs) depend on the specific application and are
often practically the same both for crystalline and corresponding
amorphous alloys. For example, the main constituents of crystalline
soft ferromagnets are Fe, Co, Ni and to some extent Mo, Cr, Mn, Cu,
Zn, Al, Si, P and C. In the case of amorphous ferromagnets the only
addition to this list is some percentage of B. Therefore, rather
high initial prices of amorphous ferromagnets were not due to cost
of materials and are infact steadily decreasing with time as shown
in Fig.l. The price of a larger quantity of amorphous ferromagnet
(lower bound in Fig.l) is expected to reach that of the silicon
steel in 1990. '

A speed and simplicity of production often play a decisive
role for the application of new materials. Although manufacturing
of metallic glass (melt spinning) employes new, high technology way
of making thin metallic sheets /3/, it is basically less complicat-
ed than the conventional process of making e.g. the nonoriented or
grainoriented silicon steel. Fig.2 shows material processing flow
chart for making silicon steel and amorphous ferromagnets both for
the transformer core applications. We note that elaborate process
involving six different operations for conventional materials is
reduced to two operations only for the amorphous ones.
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8 ol \\ Se mgﬁL(I)SGCONT. TANDEM ‘l'lOLLING
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% l TEMPER Al}OLLING
1 19‘80 ye;r l@ SEMI-PROCESSED PRODUCT
Fig.l Estimated price range Fig.2 Processing flow chart for,
for amorphous metal and si- amorphous alloy and silicon steel.
licon steel. Allied

Metglass prices. /4/
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The fabrication and processing of amorphous ferromagnets (metals
in general) is also less time and energy consuming. As shown in
Fig.2 the as-obtained amorphous ferromagnet needs some thermal
and possibly strain or magnetic field treatment in order to obtain
the best characteristics. This arises because of sensistivity of
the magnetic propertieé on the atomic short range order (SRO) which
can be modified by a suitable treatment. Furthermore, annealing
reduces internal strains induced during the fabrication (rapid
quenching) which greatly improves.the soft magnetic properties of
magnetostrictive alloys. The annealing temperatures for the
amorphous ferromagnets are however much lower and the annealing
times shorter than those required in processing of silicon steels.
By necessity, the amorphous metal transformer foils are seve-
ral times thinner than conventional Fe-Si core material. This is
beneficial for the high frequency applications but poses some
problems in designing large power transformers which require new
engineering solutions. Inspite of that the substitution of the
conventional distribution transformers with those with the amor-
phous metal core has already started in U.S.A. A more detailed
account of these and other present and potential applications of
amorphous metals can be found elsewhere /5,6,7/.

3. Band structure and properties of FeNiBSi glasses

The electronic band structure is also modified by disorder and
the sharp features in the electronic density of states (DoS) are
smeared out in amorphous metals. This often results in a smooth
variation with concentration of the physical properties in a given
amorphous alloy system. As an example we show in Fig.3 the varia-

tion of residual resistivity for crystalline FexNi and amorphous

(FexNil-x)BoBIBSiZ alloys with x. A sharp maximum éczuring around
70% of Fe (permalloy) in crystalline alloys is absent in the amor-
phous ones /8/. As shown below smooth variations with Fe content
are characteristic for all properties of Fe-Ni base amorphous
alloys.

In order to obtain amorphous Fe-Ni base alloys an addition of
about 20% metalloid(s) is neccessary. The metalloid, in addition
to lowering the quenching rate required for the formation of glas-
sy state, directly affects structure (SRO) and properties of these
alloys. Initially it was thought that metalloid atoms fill the
empty sites between randomly distributed metal atoms. More recent-
ly it is found that metalloid atoms determine the chemical short
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range order (CSRO) in these alloys and local atomic arrangements
similar to those in corresponding intermetallic compounds (Fe3B,
Fe3P, Ni,B etc.) have been detected /9/. Therefore the effect of
metalloids is not merely dilution of ferromagnets atoms and more-
over a simple charge transfer picture (in which the s- and p-
electrons of metalloid £ill the d-band of transition metal) is pro-
bably not correct. The more appropriate description of diverse
effects of the same metalloid in different alloys /10/ is probably
provided in terms of hybridisation of valency electrons of the
metalloid and transition metal /11/. However, the calculations
along these lines are rather involved and their results rather un-
certain. Therefore the understanding of amorphous ferromagnets
depends primarily on intuition and systematic research.
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Fig.3 Residual resistivity of Fig.4 Curie temperatures of
amorphous (FexNil_x)eoBlasi2 amorphous Fe Nig,  B,gSi, alloys.
and crystalline FexNil_x alloys
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In what follows we briefly summarize some results relevant to
understanding of the electronic band structure (thus of magnetism)
of amorphous FexNiao_xBIBSi2 alloys (0<x<80). The resqlts obtained
for these alloys are typical for all amorphous Fe-Ni base alloys
(including those applied in industry), thus the conclusions reached
by our study apply to all these alloy systems.

The magnetic phase diagram of FeNiBSi alloys (represented by
the variation of the Curie temperature (Tc) with Fe content) is
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shown in Fig.4. We note a strong depression of Tc on Ni-rich side
which results in paramagnetism of alloys with less than 2,5% Fe
/12/. Analogous behaviour but with somewhat different critical Fe
content (xc) is observed in all Ni-base glasses. The paramagnetism
of Ni-base metallic glasses with >18% of metalloid contrasts sharp-
ly with ferromagnetism of crystalline Ni and is not properly under-
stood at present. Some empty d-states of Ni around the Fermi energy
(EF) indicate that this paramagnetism is not due to charge transfer
only. The onset of ferromagnetism (xc) introduces a wealth of new
phenomena, first observed in these alloys /12/. However, we concen-
trate here on homogenous ferromagnetic alloys (x>xc) which are of
technological interest (Tc>300 K). The Curie temperatures of the
amorphous Fe-Ni base alloys are strongly reduced (thus the exchange
coupling J is also reduced) in respect to those of their crystalline
counterparts. (This has however no effect on their applications
since magnetization depends only weakly on temperature for T<0,5 Tc
which is above room temperature for most of these alloys.) We also
note that their Tc’s (thus J) saturate and even decrease a little
at Fe-rich side.

Like their crystalline counterparts the alloys in this range
are itinerant (band) ferromagnets /8,10,11,13/. However in crystal-
line Fe-Ni alloys the type of magnetism (weak or strong) changes
with changing composition. This change is accompanied with anomalies
in electrical (Fig.3), magnetic and mechanical properties /14/ in
the invar region. The obsence of these anomalies in amorphous Fe-Ni
alloys probably indicates no change in type of magnetism. Therefore
it remains to be seen whether the magnetism of amorphous Fe-Ni
alloys is of strong (like in Ni) or weak (like in Fe) type. There
is no unique answer to that question at present. We will show how-
ever that the properties of FeNiBSi alloys (and probably of all
Fé-Ni alloys with >20% of metalloids /8/) are described the best in
terms of a strong ferromagnetism.

The variation of magnetization with Fe content in FeNiBSi
alloys is shown in Fig.5. A linear variation for Fe contents above
30% with a slope corresponding to the Bohr magneton per valency
electron reflects the d-band filling and is consistent with strong
magnetism (one d-subband full). (The temperature dependence of
magnetization in these alloys /15/ also supports that view.) A rapid
decrease of magnetization for Ni-rich alloys reflects the instabi-
lity of magnetism in amorphous Ni alloys, as discussed earlier. As
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for other Fe-base metallic glasses the satyration magnetization of
FeBSi (Fig.5) is about 20 pct. lower than that of silicon steel.

However this has no effect on their application in power transfor-
mers, since thir operating inductions (1,2-1,4 T) are below that
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Fig.5 Saturation magnetization Fig.6 Young“s modulus of amorphous
of amorphous NixFeBO-xBIBSiZ Ni Feg,_.B,gSi, alloys at 300 K.
alloys at 4K.

Recently, the above findings about the band structure and
inter-electronic correlations (J,U) in amorphous FeNiBSi alloys
have also been confirmed by the measurements of their mechanical
properties /16/. Fig.6 shows the variation of the Young modulus (E)
in FeNiBSi alloys with Fe content. E increases almost linearly with
Fe content. The relative change in E is about 15 pct. and agrees
well with that observed in other Fe-Ni base glasses /17/. This
indicates that variation of E is determined by Fe/Ni ratio (thus
filling of the d-band) and not by the content or type of metalloid.

Smooth variation of E with the eéffective number (2) of d-elec-
trons resembles that expected /18/ for the cohesive energy (Ec)
and the bulk modulus (B) of transition metals. (It is not due to
magnetic energy mMg as erroneusly suggesteéd /19/.) Indeed, strong
cohesion of transition metals is largely due to d-electrons and
for isotropic metal (such as metallic glass) E is proportional to
B. Whereas in crystalline 4d- and 5d- transition metal series E.
varies as expected (~2(10-2)), in 3d- metals Ec is strongly reduc-
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ed and the specific atomic volume incresed towards the middle of
series /20/. Indeed both B and E of crystalline Fe are lower than
those of Ni /14,20/. This is due to correlations between d-electrons
(U,J) which are particularly strong in 3d-metals. The correlations
(Coulomb repulsion, exchange interaction and spin-orbit inter-
action) in general decrease the cohesive energy, hence increase

the atomic volume and decrease elastic moduli (E,B).

The increase of E with Fe content in FeNiBSi glasses apparent-
ly shows that correlation effects are less strong than in corres-
ponding crystalline alloys. This is consistent with the observed
(Fig.4) lower Curie temperatures (thus smaller J) and with a
smaller change of the specific atomic volumes /21/ in amorphous
FeNiBSi alloys. Furthermore, the absence of the anomalies in E does
not support a change in the type of magnetism in these alloys.

It is interesting to note that the microhardness (Hv) of
amorphous FeNiBSi alloys varies with Fe content /16/ in a similar
way as E. A simple correlation between E and Hv (also observed for
other metallic glasses) is surprising since plastic properties (Hv)
of crystalline metals are associated with defects and microstructure
of a given sample. Hence Hv/E is not well defined for a crystalline
metal or alloy. In amorphous metal however the absence of well de-
fined extended defects enables the nature of bonding to show up
also in plastic properties.

4. Soft ferromagnetic properties

Basic magnetic properties (MS,TC) of amorphous ferromagnets
are inferior to those of silicon steels. However for the soft fer-
romagnetic materials the easy of magnetization (narrow hysteresis
loop) outweighs small difference in Ms. (Moreover}the present-day
power transformers are designed to work at 1,2-1,4 T which is well
within the reach of metallic glasses, Bs<1,8 T.) Soﬁt ferromagnets
dominate the world market for the magnetic materials and their sale
amounts to several billions of US dollars per year.

Static magnetization hysteresis of a ferromagnet .reflects the
magnetic anisotropy (MA) arising from various intrinsic sources.
The intrinsic origins of MA are primarily the structural anisotropy
and the magnetostriction. Being macroscopically isotropic amorp-
hous ferromagnets should have no magnetocrystalline anisotropy.
However even in non-magnetostrictive metallic glasses there is some
MA. It arises from the local anisotropy, associated with the atomic
SRO, defects and local strains in magnetostrictive materials. As

189



all these sources of MA can be effectivgly reduced by suitable
post-preparation treatments, the amorphous ferromagnet can be made
magnetically more soft than any other material. Consequently, the
transformer core made from suitably selected and annealed metallic
glass my have core loss several times lower than that made from
silicon steel (Fig.7).

12 NiZn

\—Mcglas

P(‘:Ilkg)

P{W/kg)
=

Y, ~
2

10
04t
Metglas 3 B=02T
2605S2 i
0 'IO 70 100 f(kHz)
10 15 z
B(T)
Fig.7 Core losses of Fe-Si Fig.8 Losses of Ni-Zn ferrites
steels and Metglas 26055-2 and some Metglas alloys vs
vs induction. frequency.

The other advantages of metallic glasses are before mentioned
simplicity of production of thin ribbons and foils, good mechanical
and corrosion resistant properties, practically unlimited possibi-
lity of alloying (thus modifying their properties) and their high
electrical resistivities. Since eddy current loss dominates al-
ready at power frequencies, lower thickness and higher resistivity
are the main contributors to lower core losses of amorphous ferro-
magnets. These factors become particularly important at higher
frequencies and enable metallic glasses to compete with ferittes
as illustrated in Fig.8.

The potential of soft amorphous ferromagnets for the applica-
tions at elevated frequencies (starting with airborne transformers
operating at 400 Hz) has been described in some detail elsewhere
/5,6/. Recent results for the high frequency characteristics of
FeNiBSi alloys can be found in these preceedings /22/. We note
that these alloys are inferior to amorphous alloys which are al-
lready used for high frequency applications, yet their frequency
characteristics are close to those of permalloys. Therefore it is
clear that systematic research in that field is highly relevant
for the applications of metallic glasses.’
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5. Conclusions

Although the knowledge and understanding of some aspects of
amorphous metals progressed considerably over the last ten years
a detailed understanding is yet to be reached. In spite of that
some amorphous metals have already important technological appli-
cations: the amorphous soft ferromagnets being the most notable
example. In this paper we have given a qualitative explanation how
some properties of amorphous metals arise and how the simplicity
of manufacturing the metallic glasses in a form of ribbons or foils
affects their applications (transformer cores, shielding cables
flexible brazing materials etc.).: We also used our recent results
for amorphous FeNiBSi alloys (a prototype system of soft ferromag-
netic alloys) in order to show a present-day understanding of their
magnetic and mechanical properties. The potential of amorphous fer-
romagnets for the applications at elevated frequencies was also
briefy discussed.

In what follows we briefly mention some areas of research and
development which may be of particular interest for the future
applications and understanding by amorphous metals.

i) Pregarétion. Except for mechanical alloying /23/ no new fabri-
cation method has been developed for the last ten years. Single-
-roll melt-spinning, although simple, may appear impractical for
the production over long periods, thus of large quantities. The use
of belt instead of roller may solve that and some other problems
/24/.

ii) Glass formation. Quenching rates (Tcr) for obtaining different
amorphous metals range from 10?’-1010 K/s /25/. Large '1‘cr values
make fabrication compliéated and result in thiner product. Thus,

paper understanding of the amorphous metal formation may enable a
vast increase in their applications.
iii) Relaxation and stabillity. Since amorphous state is not

unique, the properties and thus applications of amorphous metals
can be greatly affected by preparation conditions and additional
treatments). The mechanism(s) of this as well as of stability of
amorphous metals is still not well understood.

iv) Theory. The accurate theoretical description of disordered
systems would be of largest importance for the future devielopments
in the field of amorphous metals (materials in general). This
however is a problem wich defies the efforts of the best theorists
for over fifty years.
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will

The above, non-exhaustive, list shows that amorphous metals
remain an active research field for a long perioed. The extent

of this research will certainly affect their .applications.

References:

/1/

/2/
/3/
/4/
/5/

/6/

/1/

/8/

/9/
/10/
/11/
/12/
/13/

/14/
/15/

/16/
/11/
/18/
/19/

J20/
/21/

192

Proceedings of VI Yugoslav Symposium on Condensed Matter
Physics, KruSevac, 18-22.Sept.1978, Fizika 10, Suppl.2 (1978)
H.J.Guntherodt in Ref./5/, p.1591

W.A.Heinemann in Ref./5/, p.27

D.J.Bailey and L.A.Lowdermilk in Ref./5/, p.1625

Rapidly Quenched Metals (Proceedings of the Fifth Int.Conf.on
Rapidly Quenched Metals, Wiirzburg, Germany, 3.-7.Sept.1984)
S.Steeb and H.Warlimont eds., Elsevier BV, Amsterdam (1985)
Rapidly Quenched Metals 6 (Proceedings of the Sixth Int.Conf.
on Rapidly Quenched Metals, Montreal 3.-7.Aug.1987) R.W.Coch-
rane and J.0.Strom-Olsen eds., Elsevier Appl.Sci., London
(1988).

Amorphous Metallic Alloys (F.E.Luborsky ed.) Butterworths,
London (1983)

E.Babié, R.L.Jacobs and E.P.Wohlfarth, in Physics of Disorde-
red Materials (D.Adler, H.Fritsche and S.R.Ovshinsky eds.)
Plenum, N.Y.(1985) p.719

I.Vinsze, T.Kemenyi and S.Arajs, Phys.Rev.B21 (1980) 937
T.Egami Rep.Prog.Phys. 47 (1984) 1601

E.P.Wohlfarth in Ref./7/, ch.15., p.283

K.Z2adro and E.Babié, J.M.M.M. 62 (1986) 81 and Ref.therein
J.Ivkov, Z.Marohnié, E.Babié and P.Dub&ek, J.Phys.F: 14 (1984)
3023

S.Stoimenov and M.M.Ristié, this conference

E.Babié, Z.Marohnié and E.P.Wohlfarth, Phys.Lett. 95A (1983)
335

E.Babié, A.KuSumovié and H.H.Liebermann, J.Physique 49, C8
Suppl.12 (1989) 1305

I.W.Donald et al., in Proc.4th Int.Conf.on Rapidly Quenched
Metals (eds. T.Masumoto and K.Suzuki) The Japan Inst.of Metals,
Sendai (1982) Vol.2, p.1373.

J.Friedel and C.M.Sayers, J.Physique 38 (1977) L-263
C-P.Chou, Phys.Rev.Lett. 37 (1976) 1004

K.A.Gschneider, Solid State Physics 16 (1964) 275

E.Babié, A.Kur3umovié, Z.Marohnié and J.Horvat, in Proceedings
of 'Colloquium on Advanced Materials, Sarajevo, Sept.l12th-14th



1988, to be published

/22/ J.Horvat, Z.Marohnié and K.Zadro, this conference

/23/ Y.L.Yeh, K.Samwer and W.L.Johnson, Appl.Phys.Lett.42 (1983)
242

/24/ B.Leontié, J.Lukatela, E.Babié and M.O&ko, in Rapidly Quenched
Metals III (ed.B.Cantor) The Metals Society, London (1978)
Voll, p.41

/25/ H.A.Davies in Ref./7/, p.8

193





