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INT R OD UCTION
T he magnetic properties of amorphous i ron base d al l oys have

been found to have characteristic s extremely desirable for low
magnetic loss electromagnetic devices. In this technical
report , the magnetic properties of amorphous alloys consistin g
of combinations of transition met als (Fe , Ni) and metalloids
(B ,P,C) will be reported. The magnetic characteristics of these
materials are strongly affected by composition variations as
well as by processing and heat treatment techniques app lied to
the material after fabrication by melt spinning. The collection
of papers making up this report w ill deal with the effect of
nickel as an alloying replacement for pure iron , and the effect
of magnetic ageing in (Fe ,Ni)80B20 alloys . At the other
end , metalloid alloying of carbon and phosphorous for boron al so
has a strong effect on the properties of these allo ys . The
variation of critical magnetic parameters with metalloid alloy
additions will be discussed.

Alloy additions have a strong impact on the crystallization
behavior of these alloys. Since crystallization represents the
end of the useful life of these alloys as low loss magnetic
materials , it (s a vital concern in consideration of the range
of applicability of amorphous metals in electromagnetic devices.

Because of th e un iq ue ma gne ti c p ro per ti es of amor phous
metals , totally new magnetic material applications as well as
significant improvements in device performance through direct
material substitution are possible. These applications are com-
pared with the applications currently found for more conven-
tional magnetic materials.
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Kinetics of Reorientation of the Induced Anisotropy in Amorphous Fe40Ni 40 B20

F. E. LUBORSKY and J. L. WALTER
General Electric Research and Development Center , Schenectady , N. Y. 12301 (U.S.A.)
(Received in revised form October 26 , 1976)

SUMMARY iO’~ s ’. Thus, it was concluded that the
amorphous Fe40Ni40 P14B6 alloy contained

The kinetics of the reorientation of the voids or structural defects which partly con-
induced anisotropy in stress free amorphous trolled the pair reorientation process. These
Fe40Ni 40 B20 have been studied from 180 to structural defects must be uniform enough
260 °C and compared with the previous study to provide a uniform environment for the
on Fe40Ni 40P14B6. The Fe—Ni—B alloy is con- atom rearrangements. Berry and Pritchet [2]
siderably more stable, but it exhibits a con- recently confirmed the activation energy for
tinuous distribution of time constants and the Fe40 Ni40P14B6 alloy, and further reported
activation energies (0.7 - 1.7 eV) by contrast that t~E = 1.0 eV for the magnetic annealing
to the single value of 1.4 eV found for the of Fe75 P15C10. We calculated &‘0 = 2.6 X i0~Fe—Ni—P -- B alloy. These results suggest that s 1 for a linear fit to their data on Fe7 5P15C10.
the local atomic environments involved in They further reported that the activation
directional ordering of the Fe—Ni—P—B alloy energies from internal friction measurements,
are more uniform than in the Fe—Ni—B alloy. ~E,, reflecting a stress-induced directional
An alternative description of the results is ordering, were about twice as large as for
presented based on the observation that the magnetic ordering. For Fe40 Ni40P14B6, t IE, =
reorientation of the anisotropy closely follows 2.6 eV , and for Fe7 5P15C10, tE  = 2,2 eV.
the equation for second order kinetics. They thus concluded that different atomic

motions occur during magnetic ordering,
compared with stress induced ordering, and

INTRODUCTION suggested that because of the lower ~E for
magnetic ordering it was likely that the

In a previous paper (1) we reported the metalloid atoms are involved in magnetic *

kinetics of reorientation of the induced ani- ordering and not in stress induced ordering.
sotropy in amorphous Fe40Ni40P14B6. Simple We have recently [3) studied the magnitude
firs t order kinetics were observed , suggesting of the induced anisotropy, K~, in Fe~Niso..~ B2o
that only a single , well-defined process was amorphous alloys as a function of alloy corn-
involved . This result was unusual and not position , x, and anneal temperature. The re
found in thin films or bulk alloys of Ni— Fe. suIts are interpreted as showing clear evidence
The reorientation kinetics were completely for pair ordering but with a contribution of
reversible after the samples were stress relieved about 25% arising from what might be order-
and after the first few cycles of magnetic ing involving the glass-forming atoms. This
annealing [1). The activation energy , ~ E, was supports the suggestion of Berry and Pritchet
1.4 eV, and the pre-exponential constant, p0, discussed above.
was 1011 j l These values of ~ E and i’0 fall In this paper we report on the kinetics of
between the extremes found in crystalline magnetic ordering in the Fe40 Ni40 B20 amor-
Ni—Fe alloys for pair ordering controlled by phous alloy in order to help clarify the order-
excess vacancies, where 1~E ~ 0.8 eV , and v0 ing mechanisms in amorphous alloys and to

iO~ s
1, and pair ordering controlled by provide data on magnetic stability of amor-

aelf.diffusion , where AE ~ 2.4 eV and i’0 ~ phous alloys.

--
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Fig. 2. Re ’ative change in remanence-to -satur ationFig. 1. Change in ratio of r emanenc e to saturation on . .ratio as a funct ion of time on isothermal anneal ingisothermal annealing in a circumferentia l field at d if- . .in a circumferential field at different temperatures.ferent te mperatures , after a preliminary annea l in a
transver se field. Ope n symbols for measurement. at
the anneal temperature ; solid symbols for measure- ing in a parallel field; M 0 as the initial value;ments at room temperature. 

r = 1/ v is the time constant; and t is the an-
neal time. The values of M.. were determined
by measurements as a function of temperature

METHODS AND RESULTS after the parallel field annealing at 258 °C.
M... was found to be independent of temper-

Amorphous alloy ribbon with the nominal ature from room temperature to 258 °C and
composition Fe40Ni 40 B20 was prepared by was 0.76,
(4uenching a stream of the molten alloy on the ReplottIng the results of Fig. 1 in terms
surface of a spinning drum [41. The ribbon of eqn. (1) gives the results shown in Fig. 2.
was — 25 pm thick and — 2 mm wide. A toroid The obvious curvature at each anneal temper-
was prepared , as described previously [1), ature indicates a spectrum of time constants.
and stress relieved by heating for 2 h at 325 °C. This is by contrast to the results [1) for the
To start each isothermal annealing run , a very similar Fe40Ni40 P14B6 amorphous alloytransverse anisotropy was induced by heating which showed a single time constant. As an
for 2 h at 290 °C in a field of 3500 Oe per- approximate treatment, rather than determin-
pendicular to the plane of the toroid. The ing the complete distribution of r ’s, we have
kinetics of the reorientation of the induced measured the slopes of these curves at selected
anisotropy, from the transverse to the circum- values of (M.. — M )/ ( M. ,  — M0) R where
ferential direction , was followed by annealing 1 — R is the fraction of the process completed.
in a circumferential field, H1 ,  of 4.5 Oe. D.C. These results are shown in Fig. 3 on an
hysteresis ‘oops were measured as previously Arrhenius plot, by the open symbols. They
described [1]. Changes in the remanence-to- show a range of slopes, and therefore a range
saturation magnetization are shown in Fig. 1. of activation energies and a range of values
Most measurements were made at the anneal of r.,~ = 1/v 0 defined by
temperature (open symbols) but occasionally I / — —

~ 
- E kT 2samples were quenched to room temperature ntT,” o) — in~v 1v 0 -

and measured (solid points). The results at For comparison, in the same figure, are
the two measurement temperatures did not shown the results on amorphous Fe40Ni40P14B6differ significantl y in this alloy, reported by both Luborsky [1] and by Berry

As developed in the previous work (11 on and Pri tchet 12) ; amorphous Fe75P15C10 (2) ;
amorphous Fe40Ni40P14B5, for simple first and crystalline Fe—Ni alloys in both the
order kinetics, we expect quenched [5) and fully annealed state [5 - 8).

It is noteworthy that the time constants forln((M..— M)/(M.. — M 0)) = —t/r , (1) the amorphous Fe—Ni—B are much larger
assuming that the change in M,/M, is propor. than for the Fe—Ni—B—P alloys; that is, they
tAonal to the change in magnitude of K~ in the are more stable towards magnetic reorientation.
circumferential direction. We define M M I  This suggests a denser atomic packing in theM,; M.. as the final value at t — after anneal- alloy without phosphorus. It is possible that
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Fig. 3. Time constants at differen t fractions of corn- 0 .o 0
pletion of the reorie ntation for Fe40Ni40B20. Previ - rR *ciiow COMPLETED
ously reported results for amorp hous alloys are given
by solid curves : 0, Luborsky ;~~ • Berry and Pritche t . Fig. 4. Act ivation energy and pre-exponential con-
Previously reported results for various crystalline sta nt as a fun ction of the fraction of the reorientation
Ni Fe alloy given by non ’solid lines: - - 4OFe- -6ONi; completed. Solid line for Fe40Ni 40B20, dashed line 

l5Fe —85Ni , Ferroet al. ; — . -~--2 0--5OFe --Ni , for Fe 40Ni40J’14B6.
Fergu son; -~“ --• ‘16F e—84Ni , Lutes et al.; ——s —--s 2 OFe - -
2ONi 6OCo, Bozorth et a!. As in our previous work [1) we also de-

termined K~ from measurements of the area
between the initial magnetization curve and

the greater magnetic stability of the phospho- magnetization curves taken at various times.
rus-free alloy is related to its recently reported These changes showed essentially the same
greater thermal stability [9) . It was shown relative values as those in Fig. 2 derived from
1101 that phosphorus segregates at anneal Ms/MI, but with much more scatter in the
tem peratures as low as 100 °C leading to resuh.s. The deviation from linearity was still
embri t tlement in the Fe40Ni40P14B6 amor- unmistakable.
phous alloys. However, there is no evidence In the above analysis we viewed the atomic
of crystallization occurring. Replacement of rearrangements during directional reordering
the P by B was then shown [9] substantially as involving only one species with a spectrum
to improve the thermal stability. We now sug- of environments resulting in fi rst order kinet-
gest that the annealing of the P-containing ics necessarily associated with a spectrum of
alloys must result in a more uniform structure time constants. We consider now a simple
in respect of the rearrangements associated alternate view; namely, an atomic rearrange-
with directional order. The more uniform ment involving two species, i.e., second order
structure may be the result of the structural kinetics. Writing in terms of the magnetiza-
relaxation perhaps promoted by the P diffu- tion as before, and assuming the two species
sion. In the case of the P-free alloys, their are at equal concentrations,
greater thermal stability suggests that they 

d’M — M “dt = — M’2 3have retained the greater degree of structural 0’! v2~ —

disorder produced in the original quenching, and integrating
Thus, the atomic environments involved in
the directional ordering show a larger het.ero- (M.. — M 0)/(M.. — M) v 2(M.. — M o)t + 1.
geneity .

The activation energies and pre-exponential Thus, plots of (M.. — M0)/(M.. — M) vs. t
constants as a function of the fraction of the should be linear if the process follows eqn.
process completed are shown In Fig. 4 and (4). The intercepts should be 1.0 and the
compared with the amorphous Fe40Ni40P14B6 slopes should be v2 (M.. — M0). The slopes
( 1) . It is interesting that portions of the pro. should vary with temperature mostly due to
cess show both lower and higher activation the dependence of v2 on temperature, since
energies than the Fe-Ni- P— B alloy. M.. — M0 is constant and equal to 0.605,

- - -~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
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CONCLUSIONSJo 
240 Amorphous Fe40 Ni40 B20 responds to9

25~~C 

/0 

magnetic annealing much more slowly than
240 amorphous Fe40Ni40P14B6. Assuming that

the B alloy than in the P alloy. The am or-

a

4 // 7’
~~ 

1
0 200 ~ phous Fe-Ni-B alloy follows kinetics deserib-

~~~
2

, 

~ . the same species are involved in the reorder.
/ _-

~~ 

ing, this suggests a denser atomic packing in

210 TIME mk~iilis êd either as first order, with a distribution of
time constants and activation energies, or as

0 000 2000 3000 4000 5000 6000 7000 a second order reaction with a single time
TIME , m nu t e i constant and activation energy . This is by

contrast with the Fe—Ni— P—B alloy which
Fig. 5. The inverse of the relative change in remanence- exhibited first order kinetics with a single
to-saturation ratio as a function of time on isothermal time constant and activation energy . This
annealing in a circumferential field at different tern- difference between the phosphorous-free andperatures. The initial portion of the curves is enlarg-
ed in the inset, the P, B-containing alloys is attributed to

the atomic uniformity in the reordering en-
vironment resulting from the segregation of

TEMPC RATURE, ‘c P. The second order kinetics observed for
300 250 200 — the reordering of the Fe-Ni—B alloy suggests

that two atoms may be involved in the re-
ordering.

0 

Dnimmond for the annealing and testing.
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PERSPECTIVE ON APPLICATION OF AMORPHOUS ALLOYS IN MAGNETIC DEVICES

F.E. Luborsky

INTRODUCTION

The objective of this paper is to place in perspective the
available information on the magnetic properties significant to the
application of amorphous metallic alloys as soft magnetic materials
in magnetic devices. The particular device and its use determine
which properties are significant. These include not only the room
temperature magnetic properties but also the temperature coeff i—
d ents of these properties, thermal stability, environmental sta-
bility, and fabrication requirements. Results for these character-
istics will be described.

The possible market for a new soft magnetic material may be
judged by looking at the market of presently used materials. A sur-
vey (1] of the market in 1968 gives the annual dollar volume of
electrical steels at $180 million , soft ferrites at $110 million,
and iron—nickel alloys at $25 million. For a device or system,
however, the impact of improved or different material greatly ex-
ceeds tha t of the materials market. Nevertheless, it should be noted
that a new material will probably not impact the entire market in
any of these three soft materials areas. Finally, in comparing the
“quality” of new sof t materials with existing materials, it must be
remembered that existing materials are continually being both im-
proved in quality and reduced in cost (1]. Thus, the quality and

- cost of existing materials must be projected out to the expected
t ime of introduction of any new material.

Previous reviews (2—5 ] of amorphous alloys as sof t  magnetic
materials presented an excellent view of the fundamental origins of
the properties of interest. In brief, it was concluded that the
macroscopic dynamic properties could be described by the same models
as those used for their crystalline counterparts. We shall not
attempt, in this paper, to discuss the properti~os in terme of their
theoretical behavior.

In the following sections, rather, we shall su arize the appli-
cation characteristics of typical materials and then summarize all
of the available information on losses, permeability, and stability
for amorphous metallic alloys. Some of these results have been
previously reported in the literature, but much will be reported
for the first time. Comparison with ferrites will be omitted be—
cause of lack of space.

CONVENTIONAL sorr MATERIALS

Table I summarizes the properties and trade names of many of
the alloys currently in use. Details follow here.

1

_ _ _ _ _ _ _ _ _ _ _ _ _ _  -~ . -
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Fabrication

Conventional Fe—Ni and Fe—Si alloys are prepared from large
cast ingots by a sequence of roll reductions with intermediate
anneals to control their crystallographic texture and, thus their
properties. All of these materials are sensitive to mechanical
strains to varying degrees, and therefore must be stress—relieved
after fabrication to their final shape, to achieve optimum proper-
ties. They must then be housed in a stress—free environment— for
example , housed in a case or encapsulated in a polymer . In the
case of Fe—Si in power devices, a stressed coating is used to de-
velop desired properties.

Application Areas of Various Materials

The material 4—79 Mo—Permalloy is processed to achieve low co-
ercive force and high initial permeability . Its high material re-
sis tivity makes it valuable for higher frequency components . It is
well adapted for use in current transformers, coupling transformers,
and high—frequency power transformers, as well as in low—level sig-
nal transformers , modulators and magnetic amplifiers. It is avail-
able in cores wound from tapes of 25 pm, 50 pm, or 100 pm thick-
nesses, with 125 pm material available in many core sizes. The
chemical composition is similar to that of both Square Permalloy
and Supermalloy . This material, 4—79 )fo—Permalloy , can be made with
different permeability vs temperature characteristics providing
positive, zero, or negative temperature coefficients.

Supermalloy has the highest initial permeability of this group
of metallic alloys. This property, coupled with a low coercive
force, makes Supermalloy one of the most useful core materials. It
is widely used in precision current transformers, standard ratio
transformers , and low—level signal components . Supermalloy cores
are usually prepared from 25 pm, 50 pm, and 100 pm strip thicknesses.
The chemical composition is similar to that of 4—79 Mo—Permalloy ,
but Supermalloy is somewhat more expensive.

Square Permalloy combines the properties of high permeability,
good squareness, and low core loss. Its high resistivity makes it
useful in higher frequency applications. The maximum induction is
only half that of Deltamax. Its low coercive force makes it par-
ticularly adaptable to high—gain magnetic amplifiers and high-
frequency , low—power processing components, such as inverter trans-
formers , low—level and high—frequency magnetic amplifiers, magnetic
modulators, and pulse transformers . The chemical composition is
the same as that of 4—79 )4o—Permalloy. The higher squareness ratio
(Br/Bm) is obtaii~ed by special processing.
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Deltamax combines low enough core loss and a very square hys-
teresis loop to make it one of the most useful alloys in the power
and audio frequency range. It has found extensive use in magnetic
amplifiers and for dc inverter and converter transformers in higher
frequency applications than the silicon steels. Other applications
include its use in bistable switching devices , timing devices, and
driver transformers. It is normally available in cores wound from
25 pm, 50 pm, or 100 pm strip thicknesses. Deltamax is a grain—
oriented, medium cost material , being more costly than Silectron
but less expensive than 4—79 Mo—Permalloy .

Supermendur has the highest available induction of any alloy
normally used in tape—wound cores. This makes it useful for trans-
formers and other components where small size is important . Special
annealing techniques result in a very square hysteresis loop, making
it adaptable for use in power magnetic amplifiers and dc converters
and inverters, and wherever size and weight are a major design con-
sideration. Magnetic properties are guaranteed for 100 pm thickness
only , a fact tending to restrict usage to the lower audio frequency
range.

Silectron is a grain—oriented alloy with 3% silicon, balance
iron4 For tape core uses , it is available in cores wound from 25 pm,
50 pm, 100 pm, or 305 pm thick tape. Its resistivity is similar to
Deltamax, but the hysteresis loop is somewhat less square and the
coercive force is higher. This difference makes the core loss higher
than tha t of the nickel—iron alloys. Silectron is the least expen-
sive alloy and is well adapted for use in power transformers, mag-
netic amplifiers, current transformers , saturable reactors, and
power magnetic amplifiers. The thinner gauges are often used in
pulse transformers.

Properties

For electronic device applications we are -mainly concerned with
higher frequencies; thus we show typical loss per unit volume vs
induction for thin tapes at 1 to 50 kHz in Figs. 1—3. The upper,
heavier curve in each case is for 50 jim thickness; the thinner
weight curve is for 25 pm thickness. The permeabilities vs frequen-
cies of some of these alloys, where the permeability is significant
in its application, are shown in Fig. 4. Other characteristics of
these alloys are listed in Table I.

For power device applications we are concerned principally with
the FeSi alloys. The loss per kilogram vs induction up to 50 kliz is
shown in Fig. 5 for a variety of tape thicknesses. Permeabilities
vs frequencies are shown in Fig. 4. The major use, however, is at
60 Hz as relatively thick sheet steel in ballast, distribution, and
power transformers. The properties available in sheet steels have
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Pig. 3 Typical loss vs induction characteristics at 50 k}~z for corn—
mercial alloys at 25 pm (light lines) and 50 pm (heavy lines) . Loss
of amorphous Al].~ys shown here only at 1 kG for comparison; letters
are defined in Table II.

been reviewed extensively (6]. The typical , high—quality—oriented
Fe—3.2 Si steel is shown by the dashed curve in Pig. 5 for 300 jim
thickness . The recently improved variety, “Orientcôr. 01—3” [7],
is also shown for 305 pm thickness, labeled “Ri—B” in the figure .
In Pig. 6 we show these typical characteristics at 60 Hz for a va-
riety of thicknesses in more detail. These characteristics will
now be compared to the available data on amorphous alloy..

THE AMORPHOUS ALLOYS

Preparation and Testing

The aaorphou*. alloy ribbons are usually prepared by quenching
a molten stream of an alloy directly onto the surface of a spinning
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Fig. 4 Typical “initial” impedance permeability vs frequency for
amorphous alloys and co ercial alloys. Amorphous alloys in this
work measured at M — lOOG; ~~~, 0 at 45G; coimnercial alloys at 50G.
Letters are defined in Table II.

drum [8]. The relatively low melting point of these alloys makes
this direct casting easier to do than for pure Fe—Ni or Fe—Si
These alloys are also stress—sensitive, must be .annealed in the
final configuration, and must be housed in a stress—free environment.

The amorphous alloys evaluated in this paper were prepared for
testing as previously described (9 , 10] by winding about 15 turns of
the amorphous ribbon into a 1.4 cm diameter toroid. Dynamic char-
acteristics were obtained at frequencies up to 50 kHz using conven-
tional [11] techniques , usually with a sine current drive. Sine
flux tests were made on a few alloys using electronic feedback to
maintain sine B at high induction levels .

- Losses and Permeability

Amorphous alloy ribbons have been prepared with saturation mag-
netization , Me, at room temperature , from very low values to a max-
imum (so far reported) of 16,500 C (12], which approaches the value
of Fe—3.2 Si of 20 ,300 C. Similarly , Curie temperatures have been
found from below room temperature to as high as 477 C (13 ]—— tem-
peratures comparable to those of the Permalloys but lover than those
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to two amorphous alloys tested with sine B and sine H. The vertical
dashed lines are located at 4~rM8.

of the Fe—Co and Fe—Si alloys . Coercive forces and loop squarenes ses
measured on toroidal specimens have been equiva lent to the best
values found in their cous ins , the Fe—Ni crystalline alloys [9, 10].
It is not surprising, then, that the losses and per.sabilitea so far
found (9, 10] have been roughly equivalent to those of the Fe—Ni
alloys.

Loss results and other pertinent properties reported in the
literature (9 , 10, 12, 14—19] and from the present work , all for
stress—relieved toroids , are sumaarized in Table II at a f ixed drive
flux, 3 . Some of thee. are shown in Fig. 7 as a function of 3 and
at various frequencies. The characteristics of these alloy. are
listed in Table III. These were all tested with a sine current
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drive— some of them up into saturation, as indicated by the upward
curving loss characteristic. For ease in comparing these results
to the properties of conventional alloys, the 1 kG loss for each
alloy is spotted on Figs . 1—3 using the letter designation given
in Table II and in Fig . 7. In general , the losses are somewhat
higher than those for most Permalloys , but lower than those for
the Fe—Si and Deltamax, at all frequencies. Considering that the
surfaces of these ribbons are somewhat rough compared to those of
conventional alloy ribbons , which contributes to losses , these
results are concluded to be quite good.

For power frequencies we have summarized the losses for the
various amorphous alloys in Table IV, and we have compared the
amorphous Fe80B2O to the sheet steels in Fig. 6. Since these large
devices operate with sine B, this is the more meaningful compari-
son. Although alloys with lower saturation flux densities than
those of Fe80B20 have lower losses, these are not of interest in
power device applications where high flux—carrying capabilities are
required. Thus , we concentrate on comparing the Fe—B with the
conventional Fe—Si. It is clear that at the same induction the
amorphous Fe—B has about one—fourth the losses , a very significant
difference if we assume equivalent coats . However , it is not yet
clear what design trade—offs will do to the cost of the entire
device— that is, the cost not only of the magnetic core but of the
conductors, insulation, and case— in view of the lower maximum in-
duction (4.25%) and the thinner gage available with the Fe—B tested
here. Conventional transformers are designed to operate up to
about 15 kG; and with the newer steels, up to about 17 kG. In
sheet steels minimum losses are developed at thicknesses in the
range of 250 to 350 3.xm as the result of careful control of grain
size and texture. Sheets of this thickness are economical to handle
and stack or wind into large transformer structures.

An alternative approach is to consider laminating a number of
thin amorphous sheets: for example, by passing them through rolls
to produce a 250 to 300 ~tm sheet for subsequent fabrication into a
transformer. The questions to be considered here are the effect of
the rolling and the increase in thickness on the propertie8. Roll—
ing has been shown (20) to increase catastrophically the coercive
force and thus , presumably , the losses of amorphous alloys. How-
ever , the subsequent stress—relief anneal appears to be almost as
effective as that on the original as—cast alloy . Thus, a laminat-
ing procedure to achieve thicker sheets may be satisfactory. How-
ever , it is not clear what the increased thickness per se will do •
to the losses. There is evidence [21] that the losses will go down
in agreement with the surface pinning model. The effect of thick-
ness was examined at higher frequencies and low inductions for
Fe5Co70S15B10, shown by the symbols in Fig. 7. This is the only
data available for amorphous- alloys on the effect of thickness.
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Furthermore, since the surfaces of the as—cas t tape has an oxide
on them, the electrical contact between layers will probably be
poor. Thus , it may act more like the individual thin tapes, even
at higher frequencies, where eddy Current losses normally would
become evident .

The very poor losses observed for the toroids before they were
annealed (given in Table II) were expected to be a function of the
strain—magnetostriction anisotropy , K8. Assuming that the internal
strains were all about the same for the toroids prepared in th is
work , we expect , then , that the losses in the as—wound toroid would
be some function of both the magnetos triction and the tape thick-
ness— that is , W — f (A t) . This appears to be the case, as shown
in Fig. 8. The ratio of the loss after the stress—relief anneal to
the loss before the anneal should decreas e with increase in magneto—
striction. Thi8 also is observed but with considerable scatter, as
shown in Fig. 9. After fully stress—relieving the toroid, we expect
K5 — 0 and, thus, the losses should be independent of X~t. The
lower curve in Fig. 8, however, shows that this is not true. The
variation in thickness of the samples is random and amounts to ap-
proximately ±50%— too small to account for the trend shown. The
dependence of loss on magnetostriction suggests, perhaps , that re-
sidual internal strains are still present or that the magnetostric—
tion is contributing directly to the losses.

The absence of the magnetocrystalline anisotropy in amorphous
alloys has changed the dependence of the properties on composition.
In the crystalline Fe—Ni alloys, for example, the coercivity de-
creases in annealed stress—free samples as Ni is added, reflecting
the decrease in crystal anisotropy. Al though we have found a compo-
sition dependence in the amorphous alloys , its origin is not clear.

Temperature Coefficient of Properties

After their stress—relief anneal , the amorphous alloys have
only a directional order anisotropy [22]. This anisotropy is pro-
portional to M~, where x is theoretically equal to 2 but in practice
varies upward. Thus, we do not expect the properties to vary sig-
nificantly with temperature except when approaching the Curie tem-
perature, since there are no other significant contributions to the
anisotropy. This is confirmed by the results shown in Figs. 10—12.

Metallurgical Stability

We have shown that at the onset of crystallization the coer—
civity of amorphous alloys , and thus their loss and permeability,
change rapidly . We have thus defined the end of life as the onset
of crystallization. The available data fro m the literature [l9 ,23—26]
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and from our own work [27] is sumearized in Fig. 13 and in Table III.
The life times shown here are , as expected, considerably shorter than
for crystalline alloys where recrystallization, oxidation, or phase
changes limit their life. The data define the maximum fabrication
and operating time—temperature exposures. For example, we see that
the Fe80320 is the least stable of the alloys discussed as candidates
for application. For this alloy , crystallization will start (if we
assume a linear Arrhenius extrapolation) at 175 °C after 550 years
or at 200 °C after 25 years, This lifetime appears reasonable tor
all but the most severe application requirements.

Magnetic Stability

Magnetic annealing is expected to occur in most of these amor-
phous alloys [9, 22]. It has been observed at temperatures and
times well before the onset of crystallization and is , therefore ,
the effect which determines the lifetime of the alloy for some ap-
plications. Magnetic annealing changes the magnitude and direction
of the magnetically induced anisotropy, K

~
. We define a worst—case

condition when K~ 
is perpendicular to the average magnetization , M, 

- 
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Fig. 13 Time for the start of crys tallization as a function of
temperature. References are shown in brackets.

during operation. K~ then rotates with time from its original ori-entation into the direction of N. We have studied this reorientation
kinetics for two of the amorphous alloys: Fe40Ni40P14B6 and
Fe40Ni40B20. In Figure 14 the time constants obtained are shown
compared to results reported in the literature [28—34] for amorphous
alloys and crystalline Fe—Ni alloys. The Fe40Ni40P14â6 (METGLAS ®
2826) time constants are short enough to make the stability of any
application of this alloy very suspect. However, the phosphorus—free
alloy baa a sufficiently long time constant for any foreseeable appli-
cation. - But in most applicatioi~s the average direction of magnetiza-tion will be along the induced anisotropy axis , and thus no change in
direction of K.~ is expected.

SUMMARY AND CONCLUSIONS

Amorphous alloys have been prepared with a wide range of values
of saturation magnetization, coercive force , hysteresis loop square-
ness, loss, and permeability. Even after complete stress relief the
losses still depend on the magnetos triction. This may be the result
of residual stresses developed during cooling from the anneal tem-
perature, or the result of a magnetostrictive contribution to the
losses. It is suggested that the losses may be further reduced by

— - 
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Fig . 14. Time constants for the reorientation of magnetically in-
duced anisotropy in iron alloys. Amorphous alloys shown by solid
lines; crystalline alloys in as—quench ed and in the annealed state
given by nonsolid lines. References are shown in brackets.

surface polishing. The higher resisitivity of the amorphous alloys -
should result in less deterioration in c~haracteristics with increase
in frequency. This has not been observed for many of the alloys—
probably again because of poor surface characteristics.

For application in small electronic devices the amorphous alloys
have somewhat poorer losses and permeabilities than those of the con—
ventional Fe—Ni alloys but better than those of the Fe—Co and Fe—Si
alloys. Where the design optimization requires the lower cost of the
amorphous alloys, their higher induction compared to the Fe—Ni alloys
or their lower losses compared to the Fe—Co, Fe—Si, and the Fe—Ni at
higher frequencies, all will favor the use of the amorphous alloys.

For applications in large power equipment the Fe80B20, as thin
tape, has about one—fourth the sine B loss of the best quality grain—
oriented Fe—3.2 Si. However, because of the differences in thickness
and the lower saturation flux of the Fe—B, it is not clear what the
final cost/performance trade—off will be for the complete transformer.

The temperature dependencies of all of the characteristics of
the amorphous alloys are like those for- high Curie temperature alloys.
Temperature dependencies are equivalent to temperature dependencies
found in crystalline alloys.
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Using the maximum life, defined as the onset of crystallization,
the Fe8OB2O amorphous alloy is shown to have the shortest life; ex-
trapolated to 175 °C its lifetime will be 550 years, and at 200 ‘C
its life will be 25 years. The rotation and change in magnitude of
the induced anisotropy make up a lower energy process than crystalli-
zation and may limit the life of amorphous alloys in those applica-
tions where the average direction of magnetization is not along the
induced anisotropy axis.

In summary , the application possibilities of amorphous alloys
look promising, even based on the limited number of compositions and
treatments so far reported. New alloy compositions and methods of
treating them will undoubtedly result in further improvements.
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SUMMARY for example, stress relief [2, 6J and diffusion
[7 , 8]. In addition , reversible magnetic an-

The beginning of crystallization was deter- nealing effects occur [2, 9 - 11]. In order to
mined as a function of time and temperature develop optimum magnetic properties after
for amorphous alloys of Fe40 Ni40 P14 B6, fabrication, samples are normally annealed
Fe40Ni40 B20, and Fe80B20. Both calorimetric to relieve stress and to induce the desired
and magnetic methods were used. The onset directional order anisotropy, K~. The stress
of crystallization was found to be a thermally relief and the directional ordering occur in
activated process; the activation energies i~.E the amorphous alloys of interest for applica- -

for the three alloys were 3.9 eV , 3.0 eV and tions at temperatures and times well below
2.1 eV, respectively, These results, and all crystallization . After the onset of crystaltiza-
results available from the literature, show that tion the magnetic properties deteriorate
~ E increases with increase in the number of catastrophically.
atomic species in the amorphous alloy. i~E Some results for the time—temperature
also increases with the increase in the differ- dependence of the onset of crystallization in
ence between the temperature for the onset magnetic amorphous alloys have been report-
of crystallization and the glass temperature, ed [12 - 15]. These are summarized in Fig. 1
T,, — T~, both determined from scanning by the solid lines. Extrapolations to lower
calorimetry. The Fe80B20 alloy was the least temperatures are uncertain, as shown by the
stable of the three alloys. Its projected life at change in slope of the curves for Co—Si—B
200 °C is 25 years, adequate for many, but and Ni—Si—B. This occurs because of the
not all magnetic applications. The temperature different crystal phases produced in some
for the. beginning of crystallization, from 2 - alloys annealed at different temperatures
h anneals, was also determined for amorphous [15] . Thus , it is important to study the onset
alloys in the series Fe~Ni80.~~P14B6, of crystallization at temperatures as low as
Fe~Ni80. ~B20 and Fe40Ni40P20_2B5. These is practical. Studies of the microstructures
results are consistent with the structural relax - which form at the beginning of crystallization
ation model. . will be published [16].

The thermal stability of glasses is often
measured as the difference between the tern-INTROD UCTION perature for the onset of crystallization and
the glass temperature, T5 — T,, as obtained

Ferromagnetic metallic glasses have been from differential scanning calorimetry. Thisshown to develop interesting soft magnetic measure of stability has been correlated with
characteristics (1 - 4] . As these are potentially viscosity [17, 18] as the rate controlling fac-
useful materials, information must be obtain- tor, but since the activation energy for crystal-
ed to define their lifetimes. In this paper we lization changes with the phases formed, thisdefine the end-of-life as the irreversible Onset cannot be entirely valid. The stability was
of crystallization. It has been reported that also correlated experimentally [12) with theat temperatures well below the crystallization activation energy for crystallization, AE, intemperature, irreversible effects partly associat- Fe—Ni—Co—P-B—Al alloys near T,. This cor-
ed with structural relaxations [5) will occur, relation was discussed in terms of the struc-
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Fig. 1. Time for the start of crystallization as a func- o
tion of temperature for amorphous alloys reported in I - __________

A
the literature (solid curves) compared with the amor-

I I
phous alloys reported in this work (broken lines with o2 0~ 10’ I0data points). References are shown in brackets.

TIME , mis

tural relaxation model [19] . Calculated val- Fig. 2. Change in coercive force on isothermal anneal-
ing of amorphous Fe40Ni40J’14B6.ues of ~ E were in reasonable agreement with

experimental results. It was concluded that
the spread in ~ E simply reflects the stability ~ ______ 

___________b

~~~~~~~~

260of the glass; the higher the 7’, and the more
l’s.stable the glass the higher is ~ E. It is the struc-

tural relaxation which results in high ~ E for 
0.6 ~~ ~stable glasses.

In this paper , we will report on the time-
Fs~4~Nt~ R,~B5

crystallization in three amorphous alloys; 
0~4

temperature characteristica of the onset of 

-

Fe40Ni 40P14B6, Fe40 Ni 40B20 and Fe80B20. 
13W

02 ~ I I

0_ _ _ _
102 I0~ I0~ l0~EXPERIMENTAL

TIMt , mis

Fig. 3. Change in magnetization in 10 Oe field onThe amorphous alloy ribbons were prepared isothermal annealing of amorphous Fe4~,Ni40J’j4B .
by quenching a molten stream onto a rapidly
moving surface [20]; the Fe40Ni 40B20 was shown in Figs. 2 and 3. The F1

~ 
values are

prepared in our laboratory; the Fe40Ni 40P14B6 normalized to their minimum value H~,0,
and the Fe50B20 were purchased from Allied corresponding to the properties of the stress-
Chemical Corp. as Metglas® 2826 and 2605. relieved sample. The sharp increase in H~
Two methods were used to determine the and decrease in M H are associated with

onset of crystallization; magnetic and cab- crystallization. Below this sharp change in
nmetric. The calorimetric method was useful magnetic properties : (1) transmission electron
only near T1, while the magnetic method was micrographs show no evidence for cryst.alliza-
useful at lower temperatures. In the magnetic tion ; (2) the heat of crystallization, ~ H,
method, a 10 cm long sample was sealed shows no change as determined from scanning
under vacuum and heated either isothermally calorimetry at a heating rate of 40 °C/min,
or isochronally. The coercive force, H~, and and (3) the X-ray diffraction pattern shows
magnetizat ion in a given f ield, M~ , were de- no change in position or width of the diffuse
termined from an integrating fluxmeter [2]. peaks. Above this change in magnetic prop-
Typical curves for the Fe—Ni—P— B alloy are erties, these three techniques all show evi-
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TIME , ~lu,

Fig. 4. Typical exotherms from the differential scanning calorimeter on holding Fe40Ni 4~~ 14B6 at various tem’
peratures.

dence of crystallization beginning. The onset . T EMPERATURE C 
300of crystallization was determined by extrapo- I0~ - ______

lating back to HC/HCO = 1, as shown by the
dotted lines in Fig. 2. The magnetization curves
in Fig. 3 were not used since they were less ‘°‘ -

sensitive to crystallization , i.e., the times and
temperatures tended to be somewhat higher -

than determined from the H
~
fff

~,0 curves. ,0~ -

However, curves of M 1/ M 50 indicated the
onset of crystallizat.ion earlier than the
M 30/ M 50 curves, and at about the same times ~. l0~ - +as the H CIH C .O curves, but showed considerably ~ -

more scatter.
At higher temperatures and shorter times 0

the differential scanning calorimeter (Perkin
Elmer DSC-1B) was used. The temperature
scale was calibrated using the melting point ‘ 

. Te,0 Nu ,0~ 4 8,

of indium. Samples were heated at -160 °C/ 4E~3 9 s V

mm to 20 °C below the desired temperature, ‘I 
ro - 

Ithen heated at a slower rate of 40 °C/min, to 0 ,3  ~~ ~s .6 .7 I .e
prevent overshoot, to the desired isothermal ~~~~~~ K ’
anneal temperature, and then held. Typical Fig. 5. Time for the start of crystallization as a func-
isothermal exotherms are shown in Fig. 4. tion of temperature for Fe40Ni 40F14B6. Open points
The time for the onset of crystallization at determined from the change in coercive force,
each temperature is indicated by the arrow. diagonal barred points from differential scanning

calorimetry. The glass temperature shown was ob-
tained from the DSC run at 40 °C/min on an as-cast
sample.RESULTS AND DISCUSSION
with other alloys reported in the literature.

The time to initiate crystallization as a The results of the magnetic and calorimetric
function of the reciprocal of the absolute techn iques, open and slashed symbols, respec-
temperature is shown in Figs. 5 - 7 for the tively, are consistent with each other. The
three alloys studied in this work. These re- onset of crystallization for all three alloys
suIts are also plotted in Fig. 1 for companion can be described by an Arrhenius type

- - . ---

~~ H:
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It is interesting to note that in the three

0 ~~~~~~~ 
- - I 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ alloys studied, ~ E increases with increase in
the number of atomic species in the alloy.
Th is trend is further confirmed , approximately,

10 - by the results from the literature (Fig. 1).
/ The values of ~ E are listed in Table 1 in

3 / order of decreasing magnitude. This gross
0 - / correlation with number of atomic species

y
b must be modified by the specific effect of

2 / different atomic species and their concentra-
0 - - tion. For example , Coleman [121 showed

7 trends in crystallization temperature and
0/ ~ E for varying phosphorus and for varying
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0” 

. transition metal concentrations in (Fe , Co,
Ni)— P—B — Al amorphous alloys. Values of

/ i?sE reported varied from about 2.8 eV to
6.7 eV. As mentioned in the introduction,

t ~~~ 3 5  the values of ~ E should decrease with de-
_______ 

creasing T,, — T . This appears to be so
0

_ I 
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1.3 14 1.5 
I

l
~
6 7 8 except for the ftrst alloy listed in Table 1.
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Further results were obtained on the series
Fig. 6. As Fig. 5, but for Fe40Ni40B20. of Fe—Ni—P—B alloys as shown in Figs. 8 - 11.

The temperatures for the peak in the crystal-
450 

T E M P E R S T U R E ; ’C 
300 

lizat ion exotherm, Tx m,  the temperature for
-u~~~~ r - - r v-— the onset of the crystallization exotherm,

T~, the glass temperature, T5, and the heats
of crystallization , ~ H, were all obtained
using the DSC at 40 °C/min. The temperatures
for the onset of crystallization from 2 h
isochronal exposures, T5 (2 h), were obtained
from the magnetic measurements. It appears

/1? that T5 (2 h) is proportional to 7’. — T5 but
7 the changes with composition are not much

• Q2 - - greater than the experimental error.

0 - ~~

7

~ r 
- SUMMA RY AN D CONCLUSIONS

The onset -of crystallization has been deter-
- 15.0820 mined as a function of time and temperature

~ E : 2 I , V for three amorphous alloys; Fe40Ni40 P14B5,
___________ J ~~~~~______________ - - 

Fe40Ni40B20 arid Fe80B20. In addition, the
.3 1.4 1 .5 .6 .7 temperature for the onset of crystallization

,o3ir, ir ’ after a two hour anneal has been determined
Fig. 7. As Fig. 5, but for Fe80820. for three series of alloys: Fe~Ni80_,P54B6,

- Fe~Ni 80~~B2o, and Fe40Ni40P2o_~B5. All
equation for a thermally activated process, of these results have been compared with

results reported in the literature for other
r = r ,, exp (~sE/ kT)  (1) alloys. An experimental correlation is observ.
with the constant, r0, and the activation ener- ed showing that the activation energy for
gy, ~ E, given in the Figures. ‘There is no em the initiation of crystallization increases
dence for a significan t break or change in with the number of different atomic species
slope of the curves as shown in Fig. 1 for in the amorphous alloy. The thermal stability,
Co-Si-B and Ni-Si-B. as measured by tiE or T5 (2 h), appears to be
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TABLE I
Activation energy for crystallization of various amorphous alloys

Alloy Ref tiE 7~ T5 — T 1
(eV) (°C) (C)

NI 7~~16B6Al3 12 6.5 417 10
Fe45Co30J’16B6A13 12 5.5 456 16
Fe40Ni40P14B6 *0 3.9 405 9
Fe50P13C7 14 , iS 3.1 - -

2.4~Fe40Ni40B20 0* 3.0 442 9
Co75Si 15B10 15 2.8 — --

1.6*
Fe80B20 2.1 441 7
Ni 75Si8B17 15 2.0 - -  - -

2.0*
Ni 53P27 13 2.0 - -  --

Ni 84P16 13 1.9 - -

Ni 52P18 13 1.6 -_ - 
-

~~~~~~~

The low temperature activation energy.
‘0This work.
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exotherm Tom. the beginning of the crystallization
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S U M M A R Y  susceptible to embrittlement upon annealing
than would ternary amorphous alloys.

The ductile—brittle transition temperature An alternative cause for embri ttlement has
for a number of amorphous transition metal— been ascribed to segregation of phosphorus in
metalloid alloys was determined and related Fe—Ni—P—B alloys [2 , 3, 51. The presence of
to composition. It was found that the em- discrete regions (less than 60 A dia.) of high
brittlement temperature decreased rapidly phosphorus concentration in samples of the
with the addition of phosphorus to the amorphous alloy Fe~~Ni~~P34 B6, annealed at
alloys. The magnetic moment of the (Fe , Ni) 100 °C, was shown by Auger analysis [2].
(P , B) alloys was obtained from saturation The number of scattering regions (presumed
flux density measurements and related to to be the regions of high phosphorus concen-
embrittlement temperature. The results m di- tration) as observed by small angle X-ray
cate that embrittlement in the alloys with scattering measurements was found to in-
phosphorus is caused by segregation of the crease three-fold from the as-quenched con-
phosphoru s and is not related to filling of dition to the annealed condition [5] .
the d-shells of the iron atoms nor to the Removal of the phosphorus from the Fe—Ni
number of elements in the alloy, alloy resulted in a marked increase in the

embrittlement temperature [3J  - In add ition,
the intensity of small-angle scattering did not

INTRODUCTION change upon annealing the phosphorus-free
alloy, lend ing credence to the idea that

Many Fe- and Co-based amorphous alloys, segregation of phosphorus is the cause of
though ductile** as formed , become brittle embrittlement in these alloys.
when annealed at temperatures well below the Measurements of magnetic properties of a
crystallization temperature 11 -4]. Chen [1] number of Fe—Ni alloys with boron and
concluded that incomp lete filling of the phosphorus have been made [8] . From these
d-shell of the iron and cobalt atoms of the data one may obtain the magnetic moment
amorphous alloys results in alloys with higher of the transition metal atoms. This moment
resistance to shear deformation and , there- is related to the number of electrons in the
fore, brittle behavior , Increasing the number d.-shell of the iron atoms; the greater the
of electrons in the d-shells of the transition number of electrons supplied by the metalloid
metals should , under this hypothesis, improve atoms, the lower the magnetic moment. Thus,
ductility. Based on a phase separation argu- one may test the prediction that embrittle-
ment, Chen predicted that binary amorphous ment of the amorphous alloys is related to the
alloys, such as Fe,P and Fe,B would be less filling of the d-shell of the iron atoms [11.

EXPERIMENTAL
This work was partially supported by the Office of

Naval Research.
‘An alloy is considered to be ductile if it plasticall y The amorphous alloys Fe80Ni~,P80,

deforms by shear in bending arid does not fracture Fe~~Ni wB80, and FeanNi 80P34 B8 were pre-
when bent double . pared in the form of ribbon approximately

_ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  
_ _ _ _ _ _ _ _ _ _ _ _ _  
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0.002 5 cm thick by 0.13 cm wide by - - _______

directing a stream of molten alloy onto the j

surface of a rap idly revolving drum. The
cooling rate was sufficiently high to produce
amo rphous material , as confirmed by X-ray
diffraction, differential scanning calorimetry, ~~~~~~~~~

and by their magnetic and mechanical proper- ~ 11.2
ties. Also, to test the prediction that ternary ~ . .-~~ /
amorphous alloys would he more prone to -- - /
emb ri tt lement than would bi n ary alloys, the
composi tions FcNO B2O, FeK3 B I 7 ,  Fe~~B ,5Si , I ~~~~ I~ ~

and Feu5 H 1~Pos were also prepared in
ribbon form and tested for their tendency to P - - - — B
emhritt le U~~Ofl annealing. The degree of duc- Fig. 2. Embrit t lement temperature , Tb, crystalliza-
tility was determined by measuring the radius tion temperature, T~ , and magnetic rn . ment , p, in
of curvature at which fracture occurred in a (Fe ,N i ) ( P ,B) alloys as a function of Pa i.d B dOfltent .

simple bend test between parallel plates [3] See refs . 6 and 8 for additional data on T~ and 1.1.

The strain required for fracture , X~, =

t/ (2 r 1 —- t ) ,  where r f is the separation of the
plates at fracture and t is the thickness of the
ribbon specimen. Thus , X~ = 1 when r = t RESULTS
and the sample has not fractured. Yield strain,

~~, 
was obtained from the value of r at which Figure 1 is the plot of relative strain to

plastic deformation was first observed , fracture as a function of anneal temperature
The samples were annealed in purified for the three Fe—Ni amorphous alloys. The

nitrogen for two hours at each temperature. temperature for the initiation of crystalliza-
The crystallization temperature was taken as tion is marked by an asterisk on each curve.
that temperature , for the 2 h anneal , at which The temperature at which embrittlement
the coercive force abruptly increased 16 1. occurs , Tb, is indicated by the rapid drop
This temperature may differ from the crystal- in X~. The values of Tb, atomic moment ,
lization temperature obtained by differential p , and T5, the temperature for initiation of
scanning calorimetry since the heating rates crystallization , are displayed in Fig. 2, and
and hold times at temperature will be differ- these and other pertinent data are listed in
ent. Saturation magnetization and Curie tern- Table 1.
perature were obtained by conventional It is clear that the alloys containing phos-
induction techniques 18, 91. phorus have a much lower embrittlement

temperature than does the alloy Fe~~Ni 40B~~.
For the same alloys, the magnetic moment
per transition metal atom, p ,  decreases with
increasing phosphorus content (Table 1 and
Fig. 2). Thus, phosphorus supplies more elec-

I trons to the d-shells of the Fe atoms than
GI does boron. In Fig. 3 the values of X~ for the

four Fe—B amorphous alloys are plotted
against annealing temperature. Among these

~r.~jit~s~ ~~, .. alloys, the ternary alloy Fe~~B15Si has the
oa ‘Jb40~~40P 0 ~~~~~ highest Tb (295 °C — see Table 1) and the

r 1IO*4~~ 4,S ternary alloy FeM.SB2SPO,S has the lowest Tb
______ 

(245 °C). The value of Tb for the binary Fe—B

~~~~~~~~~~~ ~~~~~~~~~~~ 

- 

~co alloys is between the values of Tb for the
MS(A& TflP’uAflaC ,t ternary alloys. Again , the temperature for

Fig. 1. Plot or strain ri’quired for fracture ~q, as a initiation of crystallization in a 2 h anneal is
f un ction of anneal ti’mpera ture for the (Fe ,Ni)(P,B) given by asterisks on the curves in Fig. 3 and
amorphous alloys. No fracture at X f — 1. Table 1.

I’
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TABL E 1
Properties of the amorphous alloys

Alloy Yield (2 h anneals) M, p T~ Reference
strain at R.T. at 0 K (°C )
(X
’

) 
(0 

(kG) (B/TM atom)

Fe40 Ni 40 P~ij 0.017 160 10 335 6.8 1.08 207
Fe40F4i40P14B6 0.018 < 100 352 7,9 1.23 255
Fe40 Ni 40P14 B6 — 142 ± 15 - — — — 7
Fe40Ni 40 B20 0.018 240 5 358 10.4 1.31 396
Fe84 5B15P0 5  0 .022  245 ± 5 303 15.4 — —
Fe84 B15Si 0.022 295 ± 5 304 15.4 — —

• 

. Fe83B17 — 275 ± 5 315 15.9 — 349
Fe80B

~~ 
0.021 273 ± 5 343 16.1 1.98 397

Fe80B20 — 230 ± 5 — - - — 7

= Temperature for initiation of crystallization in 2 h anneal.
M5 — Saturation flux density.
p - Atomic moment per transition metal atom in Bohr magnetons.
T~ — Curie temperature.

- phosphorus to lower Tb below the value for
the binary alloys as is seen for the alloy
FeMSB1SPOS. Thus, neither of the predictions
by Chen [1] appear to be fulfilled in all

w - respects in the case of amorphous alloys with
phosphorus.

Previous studies have shown that phos-
phoru s does segregate to form regions of h igh

• vss.½1i phosphorus concentration in the alloy
\‘ Fe~~Ni~~P14B6 [2, 5]. Such regions were

______________________ detected by Auger analysis on the fracture
~~mo ~~O 300 400 surface of a sample of this alloy annealed at

SIPEAL ~~~~~~~~ temperatures of 100 °C or above and frac-
Fi g. 3. Plot of X 1 us-. anneal temperature for Fe-base tured in situ in the analyzer. The presence ofalloys. * i ndicates temperature for beginning of crys- . .
tallization. regions of disparate composition which were

about 35 A in size was confirmed for an-
nealed and embrittled samples of this alloy by

DISCUSSION small-angle X-ray scattering studies [5]. The
spacing of approximately 250 A for these

It is clear that phosphorus has a marked high phosphorus regions comprising only
effect upon the ernbrittlement temperature 1 - 2% of the volume of the annealed sample
of the amorphous alloys, whether they are is not commensurate with phase separation on
binary alloys such as Fe~ Ni~~P~ or ternary a fine scale, as suggested by then [101 as a
alloys such as Fe~~Ni~~P14B6 or FeM.B B1SPO.S. cause of embrittlement, Furthermore, small-
The effect does not appear to be related to angle X-ray scattering studies of the annealed
filling of the d-shells of the iron atoms, This alloy Fe~~Ni 4,B~ showed absolutely no in-
conclusion is based on the fact that the Bohr crease in the number of scattering regions on
rnagnetons per transition metal atom de- annealing [11]. In the alloy Fe40Ni40P14B6,
crease with increasing phosphorus content. the number of scattering regions increase by a
It follows, then, that phosphorus supplies factor of three for material annealed at 100 °C
more electrons to the d-shells of the iron compared with as-quenched material [5].
atoms than does boron. Yet , the phosphorus- Since neither d-shell filling nor phase
con taining alloys are much more susceptible separation appear to explain the greater
to embrittlement than are the alloys without tendency toward embrittlement of the alloys
phosphorus. It takes only a small amount of containing phosphorus, it is concluded that

C.
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segregation of phosphorus into small, widely ACKNOWLEDGEMENTS
separated regions is the responsible factor.
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CONCLUSIONS B. J. Drummond and the bend tests by C. E.
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SYMPOSIUM ON APPLICATIONS FOR MAGNETISM A.E. BERKOWITZ , CHA IRP ERSON

POTENTIAL OF A)8)RPHOUS ALLOYS FOR APPLICAT I ON IN
NA(~4ETI C DEVICES *

F. 8. Lubors k y ,  J .  J .  Becker , P. C. Fri schmann and
I.. A.  Johnson

General Elect n c  Research and Development Cen ter ,
Schenectad y, New York 12301

ABSTRACT axis. The ultimate end—of—life aaso ciate d with the
metallurgical changes caused by the beginning of cr ys—

Amorphous alloys have potential applications in all tailizatton in these amorphous alloys has a1~o been
t ypes of magnetic devices , in both the electronic and examined 14—71. Extrapolations to conceivable opera—
power areas of app lica tion . For electronic devices , the tins temperatures also show that these alloy. are suffi—
pr operties are comparable to those of coemercial alloys ciently stable to be used . For examp le , the least
and the materials offer potent iall y much lower cost , stable alloy examined , Pe~OB20, snould iaat for 25 i-i
In power applications such as t ransformers , losses are years at 200°C before any detectable changes in magnet— 

~ 4fa r lower than in materia ls used at present . This-re— ic properties are observed.
cul ts in a potential favorable trade—off between first C’
cost and a substantial energy savings throughout the ci?.!!
life of the device. Although power app lica t ions have Amorphous ribbons are inherentl y inexpensive to
not been emphasized up to now , they appear to hold great produce. The starting material is simply mel ted with
promise . e,pecially as wider amorphous tapes become 00 special precautions and squirted against the rota—
available, tin g drum . The resulting ribbon , which form, at the c

rate of typicall y 1O 3
.m/min , is read y to make in to the

INTRODU CTION device , requiring at most a sing le low—temperature
st ress—relief anneal. This is in sharp contra st tp the

It Is the purpose of this paper to discuss how and materials with which the ribbons might compete , namely
to what ext ent aaor±Thous alloys might be app lied in al l Fe—Ni , Fe—Co. and Fe—Si tapes for electronic app lica—
types of magnetic devices , both electronic and power— tion s and oriented Fe—Si sheets for power app lica tions.
handling. Thus the magnetic properties available are All of these materials require very careful melting and
considered in the context of cost , fabnicabil ity, and elaborate and costl y schedules of rolling and annealing,
market structure, often with very precise control , to obtain the neces-

sary texture. Preparation of amorphous alloys is not
A14~RPHOUS MATERIALS onl y simp ler , less criti cal , and faster , bu t also re-

quires far less cap ital equipment . In the electronic
Pre paration area , where the propertie . of amorphous materials are

The materials we are concerned with are those pre— comparable to those of psesently used alloya , this cost
pared by rapid quenching of a stream of molten metal on saving provides the major incentive for their use. In
a rotating drum I l l .  Other methods of preparation , such the power area , their low losses compared to convention—
ma -vacuum deposition , elec trodepositton , sputtering , al material provide the major benefit ,
electrolesa deposi tion , and p lasma sp raying have been
used but do not y ield as good properties as melt quenched APPLICATION POTENTIAL
materials. They characteristicall y take the fo rm of
long thin ribbons about 40 ian thick or less and typically Major Application Areas
1 am wide . Wider ribbon is beginning to become avail— These can be divided into two cisases , elect ronic
able and wi l l  surel y have a great impact on possible and power—handling . Electronic includes app lica t ions
applications. The composition is typicall y abou t T80M20 associated with small amounts of power and frequencies
where T is one or more of the transition metals such as usually above 60 Hz. There are many devicee in- this
Fe or Ni  and H is one or more of the glass—former, such cat egory. A few examples are pulse transformer. , cur—
as B or P. - 

ren t sensors , and magnet ic amplifiers.
- Power applications include the handling of sub—

Annealing stsntiai amounts of power at line frequency. The di.—
The magne tic properties are discussed in more de— tribution transformer, is an example of such a device in

tail below but it should be indicated at the outset which the possibility of using amorphous material
tha t the best soft magnetic propertie s are Invariab ly - should be given serioua consideration . So are motors
developed by a stress—relief anneal at about 300°C. - of high duty cycle in which energy losses are important.
The ribb on as quenched characteristicall y has a pattern The materials used at present in electronic appli—
of residual stresses. The soft magnetic properties , cationa , with which the amorphous materials would be
while good , are improved by annealing, However , this competing , are alloy, based on Fe—Ni , Fe—Co , and Fe—Si ,
p rocedure , althoug h well below the crystallization tern— prepared in the form of tapes. Theme app lication, do
perat ure , freq uently embrittles the material enough to not include microwave devices , in which metallic mater—
make it difficult to handle . Propertie, reported below isis cannot be used.
fo r  toroids we re typically measured on samples that In power applications, we anticipa te that due to
were annealed in toroidal form . I t  may be that amor— loss considerations amorphoua materials can be caspeti—
phous material , wil l have to be given a stress relief ties with oriented end possibly non—oriented silicon—
anneal in the form of a finished core or device. This iron sheet, It is not likely that they can compete
may not he a severe limitation . Large transformer with the low—cost low carbon steel now used in law—duty—
cores are annealed at far higher temperatur es in cycle low—efficiency devices auch as household
present practice. appliance motors.

StabilIty Market Size
The magnetic and metallurgical stability has been . The U.S. consumption of steel for use in transfer—

examined in some detail for some of these ~morphous mar core, and motor stators and rotors is estimated at
alloys. Th. magnetic stability associated with the ro— 1.29 5 10’ kg (1.4 x 10’ tons) in 1976. This includes
tation of the induced anisotropy (2 ,31 has been deter— oriented silicon steel , non—oriented silicon steel , and
mined end although this rotation is rather fast in some low carbon steel. Table I shows the trend of the seven—
alloys It Is sufficiently slow in the alloys of interest ties. The increase in oriented silicon steel is due to
for devices to be acceptable. Furthermore , in most ap— the lover losses required in the marketplace in power
plicatiams rotation of the induced ani.otropy will not . and distribution trinsforasre . E.phasi. on lowest,
occur because the applied fields are along the easy firs t coet caused the switch from non—oriented silicon - -:

17% J. Appi. PhyL 4 (31, March 3979 0021-U79/78/4903-1769$O1.1o C 1978 Amsrlcsn I nstituts of Phyilci 17%
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TABLE I as for the very tsagnetostrictive rare earth—Ps com-
pounds but only tens of Oersted. are required ~or the

U. S. CONSUMPTI ON OF STEEL FOR amo rphous alloys rather than kilo—Oersteds to obtain
TRANS FORNER CORES MID tUTORS the large ABlE.

A transversal filter , which is also essentially a
1970 1976 delay line , made f rom amorphous alloys has also been

described (25]. These filters are the type used in
Grain oriented 230 “ 10’ 340 ~ 10’ kg cosusunication and telephone lines. Th. performance of
silicon steel (250,000) (370 ,000) (tone) these filter, also depends on the magneto.echanicsl

coupling and ABlE. Various transfer functions are ob—
Non—orien ted 450 ‘~ 10’ 340 5 10’ tam ed by varying the bias field.
silicon steel (500,000) (370 ,000) Electronic current transformers have been made

1263 usi ng P s—3 .21 Si , 4—79 Mo Psrmslloy . and amorphous
Low carbon 270 x 10’ 550 x 10’ Pe40N140P 14B4 . The performance , evaluated in te rms of
steel (300,000) (600,000) linearity and phase error , of the amorphous alloy was

signif icant ly better than the Fe—S i but not quite as
good as the Permalloy. The lower cost expected for the

steel to low—cost low carbon steel in small motors, amorphous alloy may make it a useful material for this
With the predic ted high rste of increase of energy app lication in competition with the Permalloy .
Costa , and legisls tion requiring higher efficiency in
elec trical equipmsn t , we anticipate a trend avay from Application Con.iderations
the low—carbon steel and back to non—or ient sd silicon Electronic device applications usually handle
steel. We also hope to eec same rep lacemen t of orien— small amounts of power at frequencies above 60 Hz.
ted silicon steel by amorphoue metal as the properti es Tape wound devices now in use include coup ling tram.—
and processes improve , former ., current t ransformer., magnetic amplifiers,

inverter and converter transformers , pulse transformers ,
APPLICATION IN ELECTRONIC DEVICES and switching devices. The tape core, in these devices

generally range in size from a few grams to a few kilo—
Reviews of Properties grams of material. A variety of alloy, have been in

The magnetic properties of amorphous slloy e have use f or some years and are sold under many trade—names.
been reviewed from a varie ty of viewpoints. Wrigh t ~~j 

Each is used where it. unique combination of proper—
reviewed the properties , behavior , and understanding at ties and Cost is best suited for the particular device

almost pure amorphous t ransition metal films . The charac teristics desired . The Ni—Fe alloys can be pro-

state of understanding of the origin. snd behavior of cessed to provide maximum permeability (Supermalloy ,

ferromagne tism in amorphous metallic alloys was re— ~~~~~ Mo—Permalloy) or maximum hysteresis loop square—
viewed by Cargill (9) , by Mizoguch i (10], by T.uei Ill ], Re.. (Square Permalloy , Deltamax). The Fe—Co alloys
by Hasegawa et al (12], by Alben cc .1 (13), and by provide the highest saturation magnetization (Supermen—

Luboraky (14 ,15 ,163. The proper ties of amorphous dur) while the Fe—S i tapes are the least expensive .

alloys viewed as potential soft magnetic materials were Typical physical and miatic magnetic properties are
reviewed by Egami et al (17], Gyorgy St sl (181, and shown in Table II. Their magne tic loss it I kftz and
Luborsky at al (19,20). The intrinsic magnetic proper— maximum induction of 1000 C are shown in Fig. 1 as in—

ties of amorphous alloys of the transition metal—metal— dicated by the letters f or each alloy . The loss depen—
told class are viewed now as being controlled by the dence on induction for these alloys has the same slope
presence of the metalloid , necessary to preparing and as that shown f or the amorphous alloy., The permeabil—

stabilizing the amorphous structure. The amorphous ities as a function of frequency are shown in Pig. 2.

arrangement of atoms has a relatively minor influen~c 
Simila r results have been accumulated for a variety

on these properties . The absence of long range order , of amorphous alloy compositions as suamarized in Table

and therefore the averaging out of the crystel aniso— III and Fig. 1. . Note that none of the amorphou. alloy.
tropy , resul ts in low coercive force and low hysteresis ha. reached as high a saturation magnetization as is
los,, charac teristics which make these alloy s interes— available from Fe or Pe—3 .2% St alloys. Obtain ing
ting as potential soft magnetic materials. The techni— higher saturation magnetizations in amorphous alloys
cal prope rties are thus controlled by the induced may be of grea t benefit in certain applications as will
anisot ropy arising from atomic ordering and - by strain— be discussed in more detail in the next sect ion. Sat—
.agnetostricticn interaction aniaotrOpy.

I ________________________________________________________________________________

Only a few papers have appeared describing the ~~~—f1eI5c5m
characteristics of devices using amorphous alloys . *11 ‘ s”’ ~~~~of the,e are electronic device applications. Magnetic ~

~ ~~~~~~~~~ a’shield s have been made (21 1 by weaving narrow ribbons - O.’.—.ft,cm~ NI,ai , ,~/ p

Description , of Applicati ons - ‘° ~~~~~~~~~~~~~~~~~~~~~~~~~ 1

of the orp hous Ps40N140P14B6 alloy . Shieldi ng ratios N Dt$pF.,~,,s s 1, /obtained with this woven fabric compared favorably to . //  .~~ “

equal weight , of 80-20 Ni-Fe alloy sheet. Neither of - .a2’ .~:~“
•

the alloys were annealed to improve their pro perti es. ‘
~ ,- / ..‘

~The amorphou. shielding has the important advantage of ! ,‘ . 
/ ~~~~~~~~~~~~~~being flexible and lee, sensitive to mechanical strain.

An amorphous magnetic core ultivibrator for tCn— 
•

.11.—stress transducers has been reported (22). Sons %n~, /
of the amorphous alloys are exceptionally well suited I IILCCTICNfor this typ. of application became. of their good
mechanical properties and large stress sensitivity. P 44I~~~~*l.l.OT ~~~~~~5 ISIesI ~~~.ImElectr on ically controllabl , delay lines and tun — Id” 

~~~~~~~~~~~~~~
able resonator elements were described (23 ,24]  made
f rom Peg~913C7 and Pe78S110B12 orpbous ribbons .
Delsy limes ste important components in radar , coupu- II”

~, __
tsr , and signal proc..eim~ equipment. Their qualit y is ~~~determined by their magnetau.cha~tcal sad AL behavior.
The amorphous ribbons have a remarkab ly large magneto— Fig. 1. Loss vs inènction at various frequen cies fat -
mechanical coupling factor of more than 0.6R end a ~~ rphou. alloy.. So .  repr.s.ntati ,, c~~~~~—
gigantic bilE of 1.9. Thee. values crc almost the sam. cial alloy , are included for cospari mem.
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- 
_ _ _ _ _  

-



I ~
- 

~~~~~~~~~ I 
no attempt has yet been made to remove the substant ial

- 
aurf ace roughness pres snt in the as—cast amorphous rib—

C U IUPt~~ kI.O1 ban, nor to determine if internal voids or oth.r 4,— 
— .., 5- —“$ILCCTUU

fec ts are present. At higher frequencies , as seen in
Fig. 2, the permeability of some of the amorphous
alloys exceeds that available from the best convention-
al alloys. In addition the values of saturation aag—- 

- 1 ~‘ -
netiza tion of some amorphous alloy s are much higher
than f or the crystalline Ni—Fe alloys.

The vslu.. of Hc and lçlM for the amorphous

IC ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
‘w. ,,,, alloy s , afte r their stress rel?ef anneal , depend on the-

f i e ld  magnitude and direc t ion and the temperature cycle
01 08 so’ so’ so’ u.ed during the anneal (19, 291, as well as on the tspe

thicknesa , surf ccc roughness , and voids , factors thst
Fig. 2. Typica l  “init ia l” Impedance permeability vs have been studied in conventional thin tapes, The vsl

frequency for amorphous alloys and commercial ues reported on Table III were measured on the toroids
alloys. Amorphous alloys in this work measured used to obtain the loss results shown in Fig. 1. These
at AB • b OG; A , C at 4SG; conunercial alloys at values correspond to the optimum heat treatment in each
50G . Letters are defined in Table III. Heavy case. The values of H

~ 
for the amorphous alloys tend

lines for coanercial alloys are for 50 ja thick— to be lower than for related crystalline alloys. The
ness , light lines for 25 i.m thickness , resistivity of the amorphous alloys is about three

times larger than the values in crystalline alloy..
This means that for the same tape thicknesses the amor—

urstions are limited by the quantity of metalloid phous alloy losses and permeability are retained to
needed to allow the format ion of the amorphous phase higher frequencies than in the commercial alloys , as
and by the effect of the metalloid on the band atruc— noted in Fig. 2. This is clearl y an advan tage. The
ture of the alloy (13 ,271. The Curie temperatures of temperature coefficients oS the losses, permeability,
the amorphou, alloys are also generally lower thin th e and other properties important in device applications
crystall ine alloys for the asme reasons but their val— have been reported (20] for some of these amorphous -
uea are sufficiently high that they pose no problem in alloys. As in the related crystalline alloys , very
most app lications. Zero magnetontrictive compositions little change is observed up to possible device opera—
are obtainable in the amorphous alloys as in the cry.— ting temperature. since the Curie temperatures are
talline alloys. However, the zero magnetostrictive still substantially higher.
composition in the Fe—N i syatem at about 82% Ni is non—
magnetic in the amorphous alloy , again because of the It is thus clear that electronic device applica—
necessary metalloid. 1281. It is interesting to note tions could now use.s variety of amorphous alloys if
that there is a good correlation between the magnitude they were commercially available at the low costs cx—
of the losses at any given frequency, as shown in Fig. pected.
1 , and the magnetostriction of the alloy 1201.

The losse, of the amorphous alloys shown in Fig. I ‘ POWER APPLICATIONS
and the permeebilities as a funct ion of frequency shown
in Fig. 2 are reasonabl y competitive with the commer— Benefit,
cial alloys. The lower frequency properties of the beat Power appsratus, opera ting at 50 or 60 Hz . is the
amorphous alloys are not as good as the best Nt—Fe other major application area in which the potential of
alloys. Thi. may not be an intrinsic difference since amorphous materials must be conaidered. As waa indica—

IsaIa h -

TYPICAL OIA*ACICII STI~~ OP SOSV COtSVRCIAL ALLOTS

Cods 4wl~ Curie Magmeto— Resistivity DessityTrad, in Composition ( wtl) - 
IR.T. T p .  striction H *

A “10’ ~Has.. sad Description kG C s ~~ 
tç/w~* 

~~~~ a/em’
4—79 No—Permalloy P 60 Mi , 16 Fe , 4 Mo processed for 7,6 460 - 0 0.025 — $5 6.74Supe r Pars 60 high initial psomesbility
HyMo “60”

• *~ sta1
IIip.rno.

Supemslloy II 50 Mi , 20 Fe procsssed fo~ 6.2 400 - 0 0.005 — 65 5.77Hem.. “600” higheet initial permeability
and levest 

-
Square Psrmalloy I SO Mi , 16 P., 4 Mo processed for 6.2 460 .. 0 0.026 0.72 55 5.74Squsre SO S-N loop squarenes.
My—S. “SO”

Dslt..a. 5 50 Iii, SO Fe grain—orIented, 16.0 460 40 0.10 .55 45 6.25Square SO processed for mesieme
Ny—I. “49” I—H loop squareness
Orthcmol
Hipernik V

Iil ctron $ 96.5 P., 3.2 61 20.3 730 4 0.50 0.71 SO 7.65Pacr.eIl 0.30+ 0.71+Oriasted f-I

.ssi m S-I lisp squareness
$upenmemdvr 4~ F., 4~ C., 2 V proces.ed for 23.0 640 70 0.16 0.67 26 5,13

‘30 im thiebmess imlise meted
$305 — tkJa~~eee
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TASLE III

SOim PUTINENT aIARACrEP.I STICS OF AI~ 1PSIOUS AU,OTS

2—hr Anneal -Code 4wP~ Curie Magnet o— Annealed Resistivity Density T T
Nominal in I I.?. T~~~ . qtr i ct lon ** H~$ N IN * p aT cr

Couposition Figures kG •C As~~ 106 
~L... .L..±.. ~ 2-em I /cm ‘C ~~~

Pe29Ni49P14B4S12 
D 4.2 362 5 .011 .70 140 — — — 35

28265

Fe3Co72P1616Al3 0 6.3 260 —O ,0l5 0.62 — 7,60c 350 — 20

1s5Co705i15110 N 6.7 430 —0.1 .010 .85 134 — — — 37,38

C 8.2 247 11 ,0l9 .38 180 7.7 300 — 34— 36

2526

Pe401114oPl416 5 8.3 250 12 .035 .85 — 7.52 310 355 20

Fe ,.Nt ,.I F 10.3 396 13.5 .090 .68 — 7.48c 350 355 20
4u 4u 20 7.14

Fe30N130P 14$6 H 10.4 334 17,5 .050 ~~~ — 

- 
~~~~ 

305 330 20

Fe P I 6 13.6 344 26 .10 .37 — 7.13c 325 — 20
80 14 6 6.86

J 14.2 457 - — — — — — — 39

8 14.9 292 30 .050 .42 150 — — 327+ 35

2615

Fe50120 A 16.0 374 30 0.040 0.78 140 7.4 310 389+ 12,34

a 16.1 378 29 .073 .46 — 7.07c 330 340 20

2605 . 7.05 345

• Allied Q~asice1 )~TCLAS ~ alloy design ation
•‘ Ms5netoetricticn measurement s on our alloys were made by P. Flanders , hMiv. Penn .$ Temperature for 1/2 of total transformation
Tcr • initiation of cryatalbisatioa
Tsr — stress—relief tampers turea

* 25—SO in thick , •eaeur .d on toroids
p extrap olated from Fe—N i alloys

ted above , in elec t ronic app lications these materials high , being based on today ’s cos t for boron and a goner—
are capable of approximatel y equalling or in some re— ou, allowance f or conversion. Such a material would in-
spec ts exceeding the properties of conventional Fe—N i , crease the total transformer cost to 127% of its pres ent
Fe—Co , and Fe—Si alloys , and to offer a substantial cost level but with substantially lower losses.
saving. In power frequency applications , on the other The fact that the loss of Fe80320 is so much lower
hand , the potential improvement in properties is far does not appear at all in Fig. 4 but represents a major
greater. The Fe80320 alloy ribbons have one—fourth the benefit in the saving of energy that would otherwise be
losses , at a given Induction , for sinusoidal flux , of lost as heat in the transfor mer , Thia benefit to both
the best oriented Fe—Si sheet steel. This is illu stra— the producer and the conaumer of electrical power could
ted in Fig, 3, which shows the loss as a function of be included in a pJ.ot like Fig . 4 depending on how one
induction for orphous Pe80120 end a number of common - choosea to factor in this sav ing, If on. operated or—
ly used iron—based magnetic materials. H owever , the ient.d Fe—S i at a flux level at which the losaea were
saturation magnetization of Feg()120 is 201 lower. The as lo~i as those of Fe...B • about 9700 C , at the prese ntpossible utilization of a atsrial with lower eatura— material coat , one VO~Yd2e. at the point in the lower
i b m  depends on economic factors. This ia illustrated part of the figure . The large extra amoun t of mater ial
in Fig. 4, which gives an estimate of the relative would raise the total coa t to 1381 compared to the con—
total cost of a moderate—sized transfor mer as a servative 1271 for the same losses using Feg..,~B2~~.fu nction of the relative cost of the core material and The pot .ntia l saving in energy fro. reduce d core
of the operating induction. The.. cost. are based on loss.. is extremely large. Of the 2 x lO~~ kwh of
the construction method r amn ing the same , with app ro- electrical power generated annually in the tkitted
pr iats core end coil dimensions, sad a f i xed cost equal State., roughly 0.52 be lost as iron lois.. in the
to approxi mately half the tot si. Present oriented sili— cores of distribution transformers u n.. At 3 cput s/
con steel , operating at a nominal induction of 17 ki lo— kwh , a reduction in losses from 0.7 to 0.2 watts per
gauss , is shown on the 1002 curve at a relative core pound (oriented Fe—S i to amorphous Fe —B ) would save
mate rial cost of 1.0. The curves indicate that a lower over 200 million dollars annually now vested as heat in
operating induction could be tolerated with appropriately transformers .
resealed cor e and coil , if the cor , material unit cost
vers sufficien tly lower. P.gpI~~ operating at 14.5 Limitations
kilogauss is also shown , at a material cost factor of Th. extent to which the benefits of a low— lois
1.5. We believe that tIde cost factor is conservatively amorphous material in power—frequency app licat ions can
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- 2 losses of the amorphous materials might make it unneces—
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:11:’T

Fig. 4. Relative total cost of a distribution transfor—
mar as a function of relative coat of core

- 4 material and operating induction.

lation. However , the greater resistivity and lower

sary to insulate all the thin ribbons from each other.
Another fact or closely rela ted to both the packin g

0 the ribbon . Initial experimental ribbons produced from
fraction and the ease of fabricability is the width of

5 0 2 4 Ii lI 
~ a aingle small jet have all been of the order of 1 am 

-INOUCTIOM IN KILOGAUSS
wide. Clearly it is of great importance to be able to

Fig. 3. Loss as a function of induction , for sinusoidal increase this dimension for practical applications.
fl ux, for amorphous Fe80820 and some coamonly Allied Chemical supplies METGLAS material about 2 cm
used iron—based magnetic materials. M—4 is wide and has described material with a width of 6 cm
grain—orien ted ; the other commercial alloys are 132), Ideall y the mat erial  should be as wide as ths
not, entire core , which for a medium sized distribution

transformer is in the vicinity of 15 cm. Narrower
material would inevitabl y lead to a lower packing frac—be realized is potentiall y limi ted by flux level con — tin and pr obabl y to more difficult fsbricatio n .sideration s , by geometrical factors , and possibly by Closel y rel ated to both packing fraction and insu— -the necessity for annealing. 
latin considerations is the smoothness of the material.Flux level. The operating flux is of course 
Small surface irregularities would tend to reduce theclosely related to the saturation magnetization. ~ contact ar ea between adjacent layer, and might helpdesirable to operate at a flux far enough from satura— 
elimina te the need for insulation . Along with larger—tin so that the transformer still presents a reason— scale undulations, they would also tend to reduce theable inductance in case of a very large voltage surge packing f rac t ion , which might turn out to be an impor—on the primary , A value of 14300 C was taken for tent  l imitat ion , I f  there are inherent limitations in

F580B20 in Fig. 4 , but its saturation magnetization is the smoothness and thickness uniformity of material16000 , Thi. value of saturation is essentially the prepared by melt quenching, it migh t be possible tohighes t reported so far for iron—base amorphous alloyn render it more uniform by rolling, and than annealingprepared by rapid quenching. Attempts to increase the 
~ to res tore the original mag.&etic properties 1331.amount of iron beyond 80% result in the saturation nag— Necessity for annealing. The question of anneal—

net ization going down again. Thus enough glass—former ing is important for the poii ibIs use of amorphous ma—is needed to keep each iron atom from having too many 
terials in large devices. The measurements reported

iron neighbors. The beet glass—former for this purpose above for small cores have all been made after the f in—would be one with the least tendency to donate d ee— 
i.hed core was given a low—te.p.rature anneal to removetrons, which lower the iron moment, Born seems to be the effects of the stresses originally present in thethe most satisfactory in this respect . It is possible 
material and also t hose produced by winding. In large

to achieve higher saturation by substituting cobalt for devices , there are several questions . Are the proper—some of the iron , bu t this is not an economically feas— ties of as—cast material good enough ? If  not, can theible proc edu re for larg . devices, material be annealed before device fabricat ion , sinceGeometrical factors. At present , amorphous ribb ons the bending stresses from core forming are probably
have not been produced in thicknesses of more than 

much lower than the quench stresses? Would such anabout 40 ~n even in studies designed to test the effects anneal make it too brittle? I t might prove necessaryof processing parameters on ribbon geome t ry 11 ,301. to anneal the completed core or device. This shouldThe ultimate thickness limitation is set by the rate of 
not pose much difficulty since the temper atures re-heat transfer through the already solidified material. 
quired are only about 300 C. Transformer cores are atThis hea t trsnefer must be rapid enough that the last present annealed at far higher temperatures.increment of material to solidify atill avoids crystal-

lization. The upper thickness limit in practice ap— -

peer , to be not more than about SO ~u , or 2 mile • This c~~~~~~~ o~is of course several times smeller than currently used
materials. Thin material is advantageous from the We feel that the potential of amorphous materials ,
point of view of eddy currant losses . It is difficul t in both electronic and power devices , fully j ustifies
to prepare conventional Fe—Si at such low thicknesse. the vigorous investigation of questions related to
and still have low losses 131 1. Thus the amorphous their applications in magnetic devices. In conclusion,
mate rials have an inherent advantage with respect to we list so.. of the areas in which further research end
the geowetrical control of eddy current losses. On the developm ent app ear necessa ry .
other hand , a va ry thin material migh t be likely to
occupy less of the total available space becau se of the Needed Research and Development
greater fracti on of the cross—section occupiad by insu— Ilsanetic prop ertie s . Saturation mag netization is

S
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the property of overriding importance. A carefu l in— 19. P. E. Luboraky , R . 0. HcCa ry , and 3 . 3. Becker , in
vestigation of saturation magnetizat ion , particularl y Rap idl y Quenched Me tals , N. 3. Grant and B. C.
at room temperature , as a function of composition over Ciessen , eds . ,  MIT Press , Cambridge , Mass. . 1976.
the entir. range that can be made amorphous is nec :es— p. 467.
sa ry. Is there some way of making materials with hIgher 20. P. E . Luboraky, in Amorphous Magnet ism II , K. A.
saturation? Levy and it. Ha.egawa, eds. • Plenum Press, New York ,

Al though the losses , per m eability, and coercive 1977 , p. 345.
force for amorphous alloys are much better than for 21. L. I. Msndelsohn, E. A. Neabitt , and C. R. Brett.,
conventional Fe—Si, they have not quite attained the IEEE Trans. on Magnetics MAG—12 , 924 (1976).
values ob.erved for the best Fe—Ni alloys. The reasons 22 .  K .  Moh r i and S. Korekoda , Memoirs Kyushu Inst.
for the differences are not all understood , and a basis Tech., Engineerin g No. 7 , 25 (1977) .
for further improvement of the properties of the amor- 23. K. I. Araf , N. Tsuya , M . Eamada , and T, Maauusoto ,
phoua alloys would be a significant advance. IEEE Trans. on Magnetics MAC—l2 , 936 (1976).

Present processing methods produce materials whose 24. N. Tsuya , K. I. Arai , and T. Masumoto , Physica
pr operties , while good , require a low—temperature 86—888 , 775 (1977).
anneal to attain their beat level. Given the pro ces— 25. K. Shirae and K. Maah ino , INTERMAG conference June
sing, are there compositions that give better proper— 1977, Paper 30—il.
ties witho ut the necessity for an anneal? 26. H. Milkovic, F. it. Luborsky, 0. Chen , and K. E.Material fabrication . The other approach to tile Tompkins, IEEE Trans. on Magnetica MAG—l3, 1224
streas—senattiviry problem is to look for fabricat ion ( 1977)
techniques that minimize the stresses now present in 27. .3. .3 . Becker , F. F. Luborsky , and J. L, Walter ,as—cast ribbon , Identification and elimination of the IEEE Trans. on Magnetics MA G— 13, 988 (1977).
source of these stresseS would remove the need for a

28. R. C. O’Handley,  it. Haaegawa , R. Ray, and C. —P .
stress—relief anneal. Chou , Appi. Phys. Lett. 29. 330 (1976).It may not be possible to produce material much 29. F. F. Luboraky and .1. L.Walter , IEEE Trans. on
thicker than at present , but it certainl y can be made Ma ti MAG—13 , 953 (1977). -
wider , and development in this direction is of the lIt— 30. S. Kavesh, 1976 ASH Seminar on Metal l ic Glasses ,
moat importance for device applicat ion. Also , more em— Niagara Pall., N. Y. Proceedings to be published
phesis should be placed on unifo rmity of thickness. by the American Socie ty for Metals.
Even gradual variations over long distances could be a 31. H. F. Littmann , 3. Appl. Phys. 38, 1104 (1967).problem in fabricating larger devices. 

32. e.g. Scientific American 236. 12 (1977).Device fabrication . The optimu m use of magnetic  33. F. E .  Luboraky , J. L. Wal ter , and 0. C. LeCrand,mater ial  in the form of a ribbon onl y one or two ails 
IEEE Trans. on Magnetics MAC— 12 , 930 ( 1976) .thick calls for more than a simp le extension of present 34 L. A. Davis, K . Ray , C. —P. Chou and it. C.ways of fabricating devices , particula rl y large power— O’ Hendle y , Scripta M et .  10 , 541 (1976) .

handling equipment. If the material properties are 35. R. C. O’Handley , AlP Coot. Proc . No. 29. 206
attractive enough , such devices and their manufacturing (1976).
methods will require complete redesign to achieve the 36. 0. E. Polk and H. S. Chen , 3. Non—Cry st . Solidsmoat cost e f fec t ive  end product. 15, 165 (1974) .
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APPLICATIONS OF AI4O~~ HOUS ALLOYS

F.E .  Luboreky

INTRODUCTION 22C
.D..nK

In the past two year s . a variety of applications ...

using amorphous metallic alloys have been reported.
Thus, the early promise of the potential usefulness of
amorp hous alloys appears to be coming true: some pre- ~oo
vious reviews have been wrj tten (’ 4) which cover the
spplication of amorphous metals in both electronic and
power devices. In this report, we will first describe
some of the recent materials developments related to Iso
briefly describe the application s reported .
the potential use of amorphous alloys. We will then

HIGH MAGNETIZATION ALLOYS

~ 60
For applications in power devices, in competition “‘awith Fe 3.2%Si, higher saturation magnetization amor-

zphoua alloy. would clearly have an advantage. The
Pe3 .2 % Si has a 4EM~ — 20 ,000 G. In the FeB binary
amorphous alloys , the highest value at room tempera- 40 - 

A 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

‘R I

ture is 180 emu/g for FeaOB20, as .hown(5) in Fig. 1. “
Thi. corresponds to 16 ,000 C if the density of 7.07

~ 
%100’Cg/cm3 is a..umed, or to 16,700 C if the density of

7.4 g/ca3 is assumed. The decrease in the O~ vs Fe
content beyond 80% Fe occurs because of the rapidly 20 FS,8
decreasing Curie temperature . This is confirmed by
the measurements at increasing temperature , the peak
o~ decrease. and moves to lower F. content, as ax- -

pected. Thus, any addition, or .ubstitutions which I50’C
raise T0 will raise the maximum value of a,. - Both Co tOO -

and Ni will raise T~.
(6) However , since both Co and 70 75 80 85 90 95

Ni are expensive, only very small additions may be IRON , ATO MIC PERC EN T
tolerated for use in power devices where the cost of
the material is a significant fraction of the total Fig. 1 $aturation magnetization of FeB alloys at
cost. We have arranged all of the resul t. reported various temperatures 0 .  0 0 • V Luborsky St

to date on 4TIM, of FeNiCo amorphous alloys in Fig. 2. au (5) • Hargitai and Lovas~~16~ £ O’Handley et
It is curious that the initial slopes of the curves al ; (17) • Durand and Yung. (18) ~ hashed curve
for the FeCo alloys varies from negative to positive measured at room temperature after anneal ing. (5)
values. Even the FeNi alloys show large changes in Dotted portion of curve , indicates presence of
initial slopes although none go positive . Note that a small degree of crystallinity as inferred from
the latest results, by Matt e , for FeCo alloy, show 411145 measurements.
the steepest positive slope and that the moment at
room temperature further increa ses a small ~~~~~~ ~~ 

B increa.es the H0. A fi vefold increase in H~ is ab—
anneali ng. None of these effects are really under- served on the replace ment of 10 at .% of B by C in FSUB16
stood and in Fee6Ild . The reason for this increase is not

understood.
Mother approach to raising 5’~ is to replace the -

B by other elements , The replacement of B by C i. the LOW MAGNETIZATION ALLOYS
only one evaluated at room temperature for the pure Fe
alloys. The result, of two different investigations (6 ,7) In some applications , the losses or permeability
are shown in Fig. 3. The two results at room temp era- are the dominant design criteria. It has been shown (1)

ture are not in agreement although it does appear that that reducing the magnetostrictio n of the amorphous
- 5% C is not detrimental to a, at room temperature. tape reduces the losses both of the as—wound as well
Note the sharp rise in a~ for the samples with higher as the stress-relief annealed specimens. This work was
Fe contents reported by Hatta et al. (6) This was not done on a variety of alloy composition.. In rig. 6 we

obtained on the one series of samples , x — 86 , obtained show new results for the losses of the (FexNii..x) 80~ 20
from Hatta et al. and measured by Lubor.ky et al. ~~ series of alloys. In this eerie , , the magnetostrictio n
Furthermore , sample, made by Wborak y et al. at x — 84 , decreases from about 31 x 10—6 for z — 1 to about 3 14 10 6

a. given by the solid squares, also do not confirm the for x — 0 .25 .  The low frequency losses decreased by
trend reported by Hatta. The reasons for these dia- about a factor of two over this composition range,
crepancies are not known . There is a small increase and the initial permeability increased by about a factor
in a~ on annealing as shown in rig. 4. of three. At higher frequencies, the surface ~~~othnees

becomes more important producing more scatter in the re-
sults.It is fortunate that the coercivity, Ha, of the

binary FeD alloya has a broad minimum, Pig. 5, around ELECTRONIC DEVICE APPLICATIONS
the 80% Fe composition where the 41114, is maximum. Thus,
the lowest losses ar. associated with these composi-

- Until 1976, there were no devices described in the
tiana. Do the other hasl&, the addition of C to replace literatur, using amorphous alloys. In 1976, two dif tsr—
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Pig. 2 Saturation magnetiz ation as a function
of transition metal content. PeNiC0BC, FeC0BC,
FeNiBC Hatta St al.,(6) FeCoB , FeNiB , O’Handley
at ~u ., (17) FeNiB, FeNi PB Becker et
FeC0PC Fun imori et al.; (20) FeNiPBA1, FeC0PBA1 I

Gyorgy at al. (21) Solid symbols with dotted
lines correspond to annealed sample..
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Pig. 5 Coercive field of FeB alloys. Open symbols
for as cast alloys , solid symbols for minimum
after annealing. o. Luborsky et al., (7) 

0 Hargita
and Lovas . (16) T indicate , a trace of crystal—40

0 5 10 IS linity was observed in x—ray diffr.ction, C m di—
CARBO N, p cate. highly crystalline sample. Dotted lines

indicate. the presence of some degree of crystal—
Fig. 3 Saturation magnetization of FeBC alloys linity as deduced from 41TM~ r.sults.

as B is replaced by C. 0 ‘ o ~ 
, X Hatta

et al.~
6
~ using ~~lid lines;. S ~~ • . £ Th. second application reported in 1976 was for de—

Lub~~~ky et a1.;~ 6 measured by Luboreky at lay lines. Electronically controll able acoustic delay
on Hatta ’s samples using broken lines, lines were built and tested.(9 11) These mid. use of

the dE effect, i • a.,  the change in Youngs modulus ! with
ent applications of amorphou. metals were reported. The applied field H where B is directly related to the sound
first of these applinettona was the use of the ribbon velocity. The ~E effect was extr ly large in a variety
for shielding. (~~ l arge sheets were made by simple of ~~~rphoua alloys tested for th. delay lines. 7.sOP13c7weaving and then coating with a polymer . Cylindrical •

‘~~~A a peak ~E of 0.8 at 5 Oe~ (9) Pe7aSilOIl2 had a peak
shields made from these woven fabrics were measured at value of 1.9, (10,12) the l argest ever reported. In these
60 Is and compared to an equal weight shield wrapped same works, the magnetcuechanical coupling factor k was
from polycrystalline 8ONi2OPe foil. Neither were an- also measured . The value of It is the most important dy—
nsaled. Shield ing ratios of th. woven glass compared nesic transducer parameter and gives a measure of the
favotably with the polycryst a3,line foils. Th. woven elastic energy generated by magnetic excitation . Theglass, however , has the advantage of flexibility with-
out altering shielding performance and is less sensi-
tive to mechanical strain.
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_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  tensile stress of amorphous alloys. A differential
I I I ~ I I I I I : type of multivibrator was constructed using two cores

- 
wound from Fa40Ni40P14B6. Tension or compression could
be applied to the windings of one of the cores. It was

- made with two type. of transducing behavior : (1) an

- C — 
analog type with no zero output but good linea r ity and

- sensitivity and no hystere sis and (2) a threshhold type
.lOOkH2S S - with zero output for tensile stre.. under a critical

i., •_ , 8 
__
~. - stress and maximum output for stress over this critical

,__ ‘* 0 ~ - 
stress. Conventional crystalline permalloy would be
very poor for use in this application because of its

- • soft mechanical behavior.
‘ 10514a

- The final application reported in 1977 was for the
use of amorphous ribbon in transverse filters. (15) These
make use of the magnetostrictive waves on the amorphous

o ribbon. Arbitrary transfer functions were easily real-
10 = ized by adjusting voltages and polarities.

r ..._A.., ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~

“

~~~~~~
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- POWER DEVICE APPLICATIONS
- b’ ’.. _j  

- 
The concept of using amorphous alloys in power size

io~ (_ • — 
_ I’.’ — transformers has been developed in a series of papers.—— $ : Ref.. 1, 3, 4) It was first ,hown U) that the high satu—

ration magnetization alloy Fe90B20 exhibited extremely
low losses. Losses were down by a factor of ~ as corn- 4

- ‘ pared to the beat oriented Fe3.2%Si. This comparison

— 
is shown in Fig. 7. In a finished transformer , this

0 . reduction in core loss would result in substantial en-
0.I kIQ( • —— ‘ ergy savings over the lifetime of the installation. For

• 
....4’ • ‘ example , of the 2 x 1012 kWh of electrical power generated—— IFe 5Ni 1.5)~~ B~ . annually in the United States, roughly 0.5% is lost as

iron losses in the cores of distribution transformers
I I I I I I I I I alone. At 3 cents/kWh, a reduction in losses from 1.5 to

0 0.5 0.44 mw/g , i.e., in going from oriented FeSi to amorphous
IRON CONTENT , 

~ FeB , would save over 200 million dollars annually now
wasted as heat in transformers. Thus, there is a real

Pig . 6 Losses as a function of composition for incentive to push forward the development of amorphous
FexNiSOx B2O alloys at various frequencies at alloy, for use in large transformers.
B~~’1 kG using sine H excitation. Open symbols
for as—wound toro ids . solid symbols for an- The drawbacks which are presently under considers-
neal.d toroid.. tion are the lower saturation magnetization, 4llM~ , of

the amorphous alloys and the thinner gage of the sheet.
very large value. of 0.53 for annealed Fe80P13C7 and The impact of the lower 41114, on the cost of the finished
0.75 for Fei8Si10Bi2 were found . Delay times of ~2 transformer i. shown in Pig. 8. This figure gives the

wer e obtained in zero field; maximum changes of total cost of a moderate size transformer relative to a
-12% were obtained in a field of 8 Os at 100 kHz. transformer of the same rating made from PeSi as a func-

tion of -the 4flM~ and as ~ function of the relative cost/gOther applications have been reported in 1977. of the core material. These costs are based on the con—
An electronic current transformer was described. (13) etruction costs remaining the same ,- with appropriate
This used an amorphous metal tap. core made from changes in coil and core dimensions plus a fixed cost
Pe40Ni40P1486 operating into a virtually zero ohe lead equal to approximately half th. total coat. Three data
by using feedback from an operational amplifier. Due points are shown . The one at 17 kG represents the cost
to the very low flux density created by virtually short of present tr~.n.formers made from oriented Fe3 . 2%Si.
circuiting the transformer , the non—linear effects and The amorphout~ FeS~~2O is shown operating at a conserva-
core losses are reduced substantially. A transforme r tive 14.5 kG • and a material cost of 1.5 times that of
core of reduced size may be used by utilizing such an Fe3.2%Si. This cost factor is conservatively high and
electronic transformer. Test r.su lts have shown that is based on today ’s cost for boron and a generous allow—
the amorphou s metal core using the active load has ance for conversion . The amorphous FeB would increase
performance equal to 8014i20Fe with resp ect to magni- the total transformer cost to 127% of its present level.
tude error. However, the phase shift is somewhat However , the lower losses would more than offset this
poorer than for Nil e of the same size. The amorphous initia l cost during its operating lifetime. Th. third
cor e is significantly superior to the FeSi core in data point shown in Fig. 8 corresponds to the design of
both magnitude and phase shift error . The results a transformer using Fe3 .2% Si operating at the same low
demonstrated the suitability of this amorphous core losses as the amorphous FeB. This would require opera-
mat erial for use as a current transformer with the ting the core at 9.7 kG. requiring substantially more
active load , material in the core. This would raise the transformer

cost to 138%. The present thrust of the materials re—
Mother application rep orted in 1977 was the use search in this area is to try to raise 4flI4~ of available

of amorphou s cores as tensile—stress transducers in a inexpensive amorphous alloys as alr eady discussed .
multivibrator configuration . (14) This makes use of
the r rksble sensitivity in magnetic properties with The limitation on th. thickness of amorphous rib-

bons is -50 ~~ and i~ determined by the heat—transfer

3
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I I rate through the solidifying ribbon - Th. cooling curveI must be such as to miss the intersection of th. nose of
the crystallization curve on the T—t diagram. This
thickness is about 5 to 6 times smaller than the thick-
ness of conventional Fe3.2%Bi. Thin material baa theIRON / advantage of low eddy current losses , but it is not pos—

- sible to prepare Fe3.2%Si at thicknesses thinner than2 -
-.300 ~m and still achieve the same low losses. Thus,

eddy current losses. On the other hand, the thin mate-
SIN B TEST 

/ 

the amorphous alloy, have the inherent advantage of low

rial will occupy less of the total available space par-
I — -  

ticularly if interlayer insulation is used. However,
the greater resistivity and lower losses of the amorphous
alloy might make it unnecessary to insulate all of the0

A. layers.
5, ,.,. —I-. u,, -

M-45 I%Sl 
We now consider the permeability of the amorphous

0.0635cm a l loy  FepoB2o at 60 Hz. This is shown in Fig. 9 as a
B vs H curve compared to Fe3.2%Si, FeNi, and FeCo alloys.
All curves are for 50 to 100 ~Im thicknesses. Although

M-22 3.2%SI the amorphous FeB has a higher initial permeability, its
- permeability at 14.5 kG is lower than FeSi at 17 kG.0.2 - 0.0635 

Thus , higher drive fields will be required unles. the
permeability can be improved .

N-4 3.2% Si
0.0279 cm

0.1 -

SO N, p

— 4SF. 49CG2Vf ,
— 

-
G05 -

5 - 
/

0.0038cm SOF.SONI

0.02 I
I 2 5 10 :j 

/ u
l O~~~~N~~P I4 Ss

INDUCTION , IS

Fig . 7 Losses as a function of induction for various
iron and FeSi alloys compared to amorphous FeB.
Numbers below each designation axe th. thicknesses. 0. 10 Ho
All at 60 H z using sine B excitatio n. H , o.

Fig. 9 Maximum induction vs applied field at 60 HzII for a variety of conventional crystalline alloys
compared to FeB and FeNiPB amorphou. alloys.

CONCLUSIONS AND SUMMARY —I’-

I? 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 

A number of applications for amorphous alloys have5~
been described in the literature making it appear that
the promise of applying amorphous alloys may be coming

~
true in the near future. The materials characteristics
required in the largest scale application, namely in
power sized transformers, have been discussed . The
principle advantage of the amorphous alloys for this
application is their low power losses • Their disadvan-
tage is their low saturation magnetization . Hf forts to
improve the 4J1N~ have been discussed.
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Ribbons of FexBinfl have been prepared , by quenching a mol-
ten stream onto the suFfa~e of a ro tat ing wheel , for 72 x < 92
with thicknesses of 20—30 urn . The ribbons were amorphous for
72 < a e 88 as determined by X-ray diffr actometry.  However the
coer o iv i ty , H , and satu ration magnet izat ion , o~ , ind ica ted  that
the r ibbons  ware amorphous only for 711 ~ x < 86. The Curie tem-
perature , T , decreaSes non—linearly with increase in iron in con—
trast to th~ lineaS decreas8 inferred from previous reports. T
decreases from 14 80 C to 222 C from a 744 to x r 88. The ssgne~ ic
moment at 77K increases linearly from 1914 esu/g to 209 emu/g for
a 744 to a 86. At room temperature however , the mome nt i ncreases
to 180 emu/g at a 80 and then decreases as a increases further.

• Th i s  decrease is the result of the decrease in T as demonstrated
by a aeasuresents at elevated temperatures. AnRealing raise,
the to a peak value  of~ 1811 •mu/g at room temperature. the Hcof th~ as-cast ribbon exh ib i t s  a min imum in the range of a 82
- 85 which appears to broaden to x 78 — 86 after a stress—relief
anneal. H values of 0.02 to 0.03 Oe were achieved on straight
samples affer annealing, down about a factor of two less than the
as—cast values . This change 10 H d u r i n g  annea l ing  decreases w i t h
increas ing  a. The initiation of ~rys ta l l i za t i on  was deter mined
in three d i f f e r e n t  ways;  from d i f f e r e n tia l  scanning ca lo r ime t ry ,
from the m a g n e t i z a t i o n — t e m p e r a t u r e  scan used to de te rmine  I , anj
from the change in H on annealing for 2 hrs at increasing €emper—
atures .  A s ingle cry sta l l izat i on  exothers peak in the DSC scan
is obtained for x c 83 whi le  two exoth erms are obtained for x >
83. For a 83 the crystallization temperature is reasonably in-
sensitive to a while aboy, a 63 the crystallization temperature
falls rapidly with increase in x. The position of the peak of
the f i r s t  d i f fuse  x— ray band is independent of x and corresponds
to i/2sin 0.20211 + 0.00m m. However the half breadth decreases
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THE MAGNETIC PROPERTIES OF Fe—B AMORPHOUS ALLOYS

F. E. Luborsky, H. H.  L iebermann , J. J. Becker and J. L. Walter

!HTnODUCTION A Perkin—Elmer D.S.C.— IB differential
• - scanning calorimeter was used to determine

The Fe-B amorphous alloys represent the the onset of crystallization . A 140 deg/min
most promising alloys for applications re- heating rate was used.
quiring high saturation magnetization . How-
ever there has been little reported concern— X—ray diffraction was performed with Cu
1mg their properties as a function of corn— radiation using the back reflection from the
position , particularly at room temperature. surface of an array of ribbons . The results
r rand and Tung (11 reported on the Curie were displayed as a diffractometer trace.
tea~.-r.tures, T , and saturation magnetiza- We have arbitraril y made the following working
tion , 

~~
, at 1l.~IC for alloys from 79 to 83 definitions of the degree of crystallinity.

at.% F~. O’Handley et al (23 and Hasegawa A “trace of crystallinity ” corresponds to no
St al 3) reported the properties of one of sharp peaks due to crystallites with heights
the alloys, ~~~~~~ in detail. Hargital greater than 5% of the height of the amorphous
and Lovas (II I Mve just reported on the T0, broad peak; a “small degree of crystallinity”
o at room temperature , and coercivity , H , corresponds to sharp peaks with height s m5%
oP alloys from 83 to 87 at.% Fe. The H sal— of the broad peak ; a “high degree of crystal—
ues, however , were given only for as—cast linity ” corresponds to the sharp peaks with
ribbon , heights 10% of the broad peak.

In this work we will report on the pro- RESULTS
pert les of rapidly quenched alloys of Fe,~B o for 72 < x < 92. Values of T , a Experimental T values as a function of
aI~ 97k , room temperature and at elevgted3tem— Fe content are shows in Fig. 1 by the open
peratures, H as—quenched and after stress- circles. Also shown are the results of Durand
relief annealing, stability and X-ray dif- and Yung (1), O’Handley et al (21 and Hargitai
fraction results will also be reported . and Lovas (44). These results are all well
These reported results will be compared to within the experimental uncertainty. The 76%
theory where possible . and 86% samples showed evidence for some small

trace of crystallinity. This small trace of
EXPERIMENTAL PROCEDURES crystallinity does not appear to affect the

results. Note that the trend is non—linear
Ribbons of rapidly quenched Fe-B alloys in contrast tO the linear trends drawn in

were prepared by first making a master alloy previous works (1,141 . Thus extrapolation to
of the required Fe-B ratio by premelting in x 100, i.e. pure Fe, cannot be made wi th
an alumina crucible under argon. Electroly— much confidence. The for amorphous Fe is
tic iron which was- vacuum melted and deoxi- certain~y less than 20 6 and possibly as low
dized was used along with 99.8% pure boron . as —100 C.
The ribbons were then made by ejecting a mol-
ten metal stream of the alloy against the ~°° ~~~~~
surface of a rapidly rotating substrate wheel
(5),

Curie temperatures were determined using *
a DuPont 951 thermogravimetric recording a 40°
balance with a DuPont 990 thermal-analyzer
control unit. The furnace was non—inductively
wound and fitted with a large permanent magnet ~ .
over the sample to produce both a field and
field gradient. The field of 225 Oe was along B r sthe length of the 1cm long ribbon sample. ‘ 50-I ,
The sample was heated at the rate of 20 deg/ -

mm and the relative magnetization was plotted
as a function of temperature . Magnetizations
at room temperature and below were determined 200

on small weighed specimens in a vibrating 5~~.AT~~ K~~~N~~ST-sa mple magnetometer to a maximum field of
20 KOe. Results were extrapolated to H = Fig. 1 Curie temperatures of Fe—B amor-
using a 1/H2 function . Values above room phous alloys. Open symbols measured in
temperature were obtained from the relative this work. Prepared in this work , 0;
magnetization curves normalized to the value prepared by Allied Chemical Co., A.
of magnetization at room temperature. Coer- Solid symbols from work of Durand and
d y e  fields were determined on lOom long rib— Tung• , O’Handley et at and Hasegawa
bons set into a 20cm long solenoid. A small et a le ,  and Hargitai and Lovas~~ . Dot—
sense coil was connected to an integrating ted lines indicate alloys with a small
flux meter. The magnetization vs field was percentage of crystalline phase as di—
then displayed on an X-Y recorder as the field duced from magnetic results.
was slowly varied.

Manuscript received 3/9/78 1
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The magnetization , a, at 77K is shown The coercive field of as—cast ribbon
In F i g .  2. A va lue  of 225 emu/g is o b t a i n e d , and ribbon annealed to achieve minimum H
if  a linear e x t r a p o l a t i o n  is made to pure are shown in Fig. 3. Note the sharp rise
iron , compared to a value of 221.8 emu/g for in Hc on the high Fe side in contrast to the
crystalline iron . These results are in good gradual rise in Mc on the low Fe side. On
agreement with the values reported by Durand annealing, the H0 decreases by approximatelyand Yung (11 at 44.2K. The magnetizations at a factor of two , but thi s decrease becomes
room temperature , in Fig. 2, show a maximum smaller as the Fe content increases . Based
at 80% Fe. The decrease in o~ at higher Fe on the magnetization data only the samples
contents is the result of the decreasing from 714% Fe to 86% Fe can be classed as rep—
values of T0 as is demonstrated by the s h i f t  resenting the properties of a purely amorphous
of the peak to lower Fe contents with increas- ribbon . Within this interval the annealed
ing measurement temperature illustrated In specimens all show the same range of coerciv-
Pig. 2. The results of O’Handley et al [21 ity, namely 0.02 to 0.06 Oe. The 72% Fe
and of Hargitai and Lovas (44) are in reason- sample shows no increase in H even though
able agreement with our results. At the cx— its a is low . Thus much lesg than half the
tremes of 72 and 88% Fe our results seem low . sam pl~ is c r y s t a l l i n e .  The sample with 88%
This is assumed to be due to a few percent Fe is assumed to have a higher H values be—
-of crystallized phase , too small a quantity cause of the presence of some small amount
to be detected by the X—ray analysis. X—ray of crystals . In both the 72 and 88% samples
analysis requires 5—10% of a second phase to the q u a n t i t y  of c r y s t a l l i n e  sample is too
be detectable. The 92% Fe alloy acts as if small to be observed by K—rays .
the m a t e r i a l  were almost pure Fe at both room
temperature and at 77K. Annealing of the
r ibbons  resul ts  in an increase of 1 to 2% In
magnetization at room temperature as shown
by the dashed curve in Fig .  2. The ori g i n
of this change is not known . 1?

>25 Oi
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~~~ ~ Fig. 3 Intrinsic coercivity of amorphous

I Fe-B alloys . Open circles for as—cast ,

~ J solid circles for minimum after heat—
120 - •i 

~~
.i \ •  treatment.  T = trace of crystal l ini ty

= <5% of 1st diffuse peak; C high
- ‘. - degree of crystalli n i ty  = >1 0% of 1st

di f fuse  peak. Diamonds from work of
~ 50C Hargitai and Lovas. Dotted lines as10070 ~ ~ described in Fig. 1.

IRON . AIONIC PERCE NT The s tabi l i ty  of the Fe—B alloys has
Fig. 2 Saturation magnetization at various been inferred from DSC scans , from the mag—

temperatures for Fe—B amorphous alloys. netization vs 7 curve , from the T deter mina—
Measured using a VSM and extrapolated to tion , and from the H magnetic telting.
H • using 1/H2. Solid symbols from These results are shSwn in Fig. 14. The DSC
work of Durand and Y u n g s ;  Harg ita i  and tests, run at 40 deg/min , show a single orys—
Lovas~~ , and O ’Handley it al ~~~. After tallization exotherm at Fe contents up to

• annealing at -30% below crystallizatIon 83%. In this  range the crystallization tem—
temperature for 2 hr u . Dotted lines as perature is reasonably independent of compo—
desc ribed in Fig.  1. sition . Two peaks appear for compositions

> 8 3 % Fe. The first peak is t he exotherm for

2
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ray diffraction ring for amorphous Fe—B
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and Yung ( 1 1 .  In s t ud i e s  on FePB amorphous

These results on 7 , extrapolated to pure
i ron , may be Qompared tS results from Durand

alloys they obtained a vaiue of 7 447 C by
- linear extrapolation , compared wifh our value

from 20 C , obtai8ed by linear extrapolation ,
- to possibly -100 C, obtained by non—linear

• extrapo la t ion . Work on non—related systems
- has also been used to obtain 7 of amorphous
Fe. For exam8le from measurem8nts on Fe—Tb
(7), T a -73 C and from measurements on rare—
earth—fe alloys (8), T a —3 C. These dif-
ferences may in fact r8present difrerences
in short-range order around the iron in these
different systems . The decrease in T with
increase in Fe has still not been sat~sfac—MC torily explained.

10 90 90
IRON,ATOMIC PEPItNT The magnetization at 77K is assumed to

be the same as at OK because of the relatively
Fig. 14 C r y s t a l l i z a t i o n  of amorphous Fe-B h igh  7 values.. The equation representing

alloys . Tx a s t a r t  of crystallization , the magne t i za t ion—comp o s i t i on  curve in Fig.
= maximum in crystal l izat ion exo- 2 can be written as

rm both from DSC . Solid diamonds
f rom work of Keminy et al. Onset of a = 225 — 1.2Oy
crystallization after 2 hr heat—treat—
mentdetermined from H changes. Dot- or u a 2.214 — O.OO65y
ted lines as describes in Fig. 1. -

where ~i is in Bohr magnetons/Fe atom and y
the crystallization from the amorphous phase. = atomic percent of boron. The value of 2.24
The second exotherm is due to the transfor- for the moment of pure amorphous Fe is in good
mation of the crystallized products. Some agreement with previously reported values of
results from Kemeny et al (6) using the DSC 2.33 and 2.37 (11 from extrapolations of data
at 10 deg/min  f a l l  below the other two DSC from Fe—B and Fe—P alloys.
curves , as expected because of the slower
heating rate. The two hour anneals show an The variation of magnetic moment is often
even earlier start for crystallization , but discussed in terms of the rigid band theory
again with essentially the same shape of and the charge transfer of s—p electrons from
cur ve vs composition . the metalloids to the d—band of the transition

metals. On this basis , the decrease in momen t
X—ray diffraction results are shown in with increase in B is due to ru ling of the

Fig. 5. The position of the peak is constant d—band by the electrons donated by boron .
w i t h  A / 2 a in8  at 0.20214.0.00m m but the half- From the elope of the curve in Fig. 2 it is
breadth decreases mark dly with increase in deduced that B donates 0.7 electrons to the
Fe. Fe. This may be compared with the values

already reported for B; namely 0.3 by Becker
et al (91, 1.14 by Durand and Yung (11, 1.6
by O’Handley et al [23 and 1 by Yamauohi and
Mizoguchi [101.
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The coercive fields in Fig. 3 represent REFERENCES
contributions from intrinsic wall motion pro-
cesses , strain—ma gnetostriction interactions , 1. J. Durand and M. lung, Amorphous Magne—
surface irregularities , and anisotropy from tism II, Ed. by R. A. Levy and R. Hasegawa,
crystallization products , if present (11). Plenum Press, N.Y. 1977, p. 275.
In the region between 744% and 86% there ap— 2. R. C. O’Handley, R. Hasegawa , R. Ray and
pear to be no detectable crystallization pro— C.—P. Chou , Appl . Phys. Lett. ~~ 330
ducts and thus the properties after annealing (1976).
are relatively independent of composition . 3. H. Hasegawa , H. C. O’Handley and I... I.
This is as expected since we assume that all Mendelsohn , A .I.P. Conf. Proc . No. 34 ,
of the other sources of anisotropy which may - 298 (1976).
contribute to H are independent of Fe content. 44. C. Hargitai and A. Loves , Proc . Conf.
The contributio~ of the crystallization pro— on Soft Magnetic Materials 3.
ducts to H is quite pronounced in the region 5. H. H. Liebermann and C. D. Graham , Jr.,
x > 86% . 6oercivlties are substantially higher IEEE Trans. Magnetics , MAG— 1 2, 921 (1976).
prior to a stress relief anneal because of 6. T. Kem~ny, B. Fogarassy and E. Toth—Kadar ,strain-magnetostriction anisotropy . Proc . Conf. on Soft Magnetic Materials

3.
The thermal behavior is quite complex 7. H. A. Alperin , J. H. Cullen and A. E.

as is 3ummarized in Fig. 44. The rapid decrease Clark , AlP Conf. Proc. 29, 186 (1976).
in the temperature for the onset of crystalli— 8. N. Herman , K. Lee and R.’T. Potter , AlP
zation above -83% Fe may limit the usefulness Conf. Proc 29, 130 (1976).
of such alloys. 9. J. J. Becker , F. E. Luborsky and J. L.

Walter , IEEE Trans. Magnetics , MAG-13,
SUMMARY AND CONCLUSIONS 988 (1977).

10. K. Yamauchi and 7. Mi zoguchi , J. Phys.
Rapidly quenched ribbons were prepared Soc. Japan ~~~~ , 541 (1975).

with iron contents from 72 to 92 at.%. These 11 . J. L. Walter , S. F. Bartram and R. B.
were judged to be amorphous from 744 to 86 Russell , Met. Trans., in process.
at.% based on their magnetic properties al-
though X—ray diffraction showed them to be
amorphous from 72 to 88 at.%. The rapid de-
crease in T with increasing Fe content was
confirmed aRd is not understood. The mag-
netic saturation decreases with increasing
B corresponding to 0.7 ~*,~per B atom , somewhat
smaller than previously deduced. The room
temperature saturation magnetization reaches
a peak of 180 emu/g at 80% Fe and then de— -

creases as the Fe content is further increased
due to the decrease in T . Annealing raises
the q, to a peak value o~ 1814 emu/g. The
coercTve field after stress relief annealing
is relatively independent of composition from -

72 to 86% Fe. Values of 0.025 Oe have been
obtained . H raises steeply with composition
at both the sigh and low Fe contents as the
samples become crystalline when prepared.
A single crystallization exothermic peak is
observed in the DSC for Fe contents less than
the eutectic 83% Fe. A double peak is ob-
served for Fe contents greater than 83% Fe
and the crystallization temperature falls
rapidly with increase in Fe beyond 83%. The
half—breadth of the first diffuse band in
the X—ray scattering intensity decreases with
increase in Fe content. The position of the
peak however rema ins  unchanged.
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suilNasY
The anelastic stress relaxation was measured as a function of time and

temperature for the amorphous Pe40Ni 40P 14B6. An init ial fast relaxation occurred

which was not resolvable, followed by a slower first order rate process with an activation
energy of 0.5ev. It is suggested that this activation energy is controlled by hole
migration. Anelastie stress relaxation was also measured after heating for 2 hrs. at

225°C for a number of amorphous alloys series: Fe~Ni 80..5P 14B6, Fe~Ni g0_5 B20,
Fe5Ni80_~

Pj4C6. Fe40Ni40B20_5P~. 
Fe80B20_ Si5. Fe85Bi5_5Si

~
, Pe85_5P1505, Fe85

xI’isMx, Fe85~
P15Si

~. 
Pe85..5B15Si~. 

Fe85_5B15P~ 
and Fe 100_5 B5. Glass temperatures

of some of these series were measured and some obtained from the literature. In all
cases the stress relaxation rate increased with decrease In Tg~ This relation cennot be
explained by the free volume quenched in at T~ but can be explained by the change in the
structure during the relaxation in the secondary cooling period below ‘F~ or by the change

In viscosity of the solid with temperature below Tg~ The stress relaxation rate was found

to increase with increase In the temperature of the melt followed by a decrease. This
Increase was interpreted as showing the retention of the increasingly thsordered
structure of the liquid with incre asing temperature. - 

Increasing the contact time of the

ribbon With the wheel , which increases the secondary cooling, also increased the stress

relaxation rate. This is consistent with the effect of the structure relaxation , during the

secondary cooling time , on the stress relaxation rate. Decreasing the ribbon thickness

increased the ribbon relaxation rate , consistent with the view that a more disordered
structure was In itia lly quenched in.

sty scam

amorphous alloys, stress relaxation
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STRESS RELAXATION IN AMORPHOUS ALLOYS . -  -

F.E. Luborsky and J.L. Walter
General Electric Corporate Research and Development

Schenectady, N.Y. 12301

ABSTRACT temperatures below the temperature required for crystal-

The anelastic stress relaxation was measured as a lization. The direct correspondence between the fractional

function of time and temperature for the amorphous stress relief and the increase in remanence was attributed

Pe40N 140 P14B6. An initial fast relaxation occurred which to the reduction in strain—magnetostrict ion interaction

was not resolvable , followed by a slower first order rate an isotropy. The fact that changes in internal stress,

process with an activation energy of 0.5eV. It is suggested fracture strain , and anisotropy all had similar kinetice.( 21

that this activation energy is controlled by hole migration. 
suggested that the same atomic rearrangements might be

Anelastic stress relaxation was also measured after heating responsible for all three effects. Of p~rticu1ar importance

for 2 hrs. at 225 °C for a number of amorp hous alloys were the observations that the stress relief process was

series: Fe~Ni 80.~ P 14B6. FexNi 80_ xB20. Fe~Ni ø0_5 P t4 C6, 
ir reversible and appeared to progress in two distinct steps;

Fe40N 140B20_5P5. Fe80B20_5Si~, Fe85815_ xSi x . Fe85_~ 
an initial rapid change followed by a slow change. After a

P 15B5. Fe85_x P i5 Alx, Fe 85_ ~P 15Si
~ . Fe85~~Bi5Si5, Fe85_ 

preanneal the rapid change disappears but the slow change

x~i5~x 
and FeiOO xBx. Glass temperatures of some of still occurs. It has been noted that after deformation the

these series were measured and some obtained from the stress relief rate increased (3 ,4) suggesting that the stress

lite ra ture. In all cases the stress relaxation rate increased relief effects are caused by the annealing out, or rear-

w it h decrease in Tg~ This relation cannot be explained by rangements of . structural defects. There are several

the free volume quenched in at Tg but can be explained by reports of the structure relaxation spectrum (5-81 ob-

the change in the structure during the relaxation in the t am ed from differential scanning calorimetry. These

secondary cooling period below Tg or by the change in relaxations occur in the same temperature regions as the

viscosity of the solid with temperature below T~. The stress relief. It is assumed therefore that all relaxations

stress relaxation rate was found to increase with increase arise from the same physical or igins. Chen and Coleman

i n the temperature of the melt followed by a decrease. ( 5) attributed the lower temperature spectrum of relaxa-

This increase was interpreted as showing the retention of ti ons to local atomic rearrangements and thus predicted

the increasingly disordered structure of the liquid with little or no change in such properties as coercive force,

Increasing temperature. Increasing the contact time of the 
hardness etc. However, if these relaxations are associated

ribbon with the wheel , which increases the secondary with stl’ess relief they will reduce the coercive force. The

cooling, also increased the stress relaxation rate. This is high activation energy spectr’!.n was attributed to macro-

consistent with the effect of the structure relaxation, scope atomic rearrangements which should produce large

during the secondary cooling time, on the stress relaxation changes in coercive force, hardness etc. It .was observed

rate. Decreasing the ribbon thickness increased the ribbon that with decreasing quench rate: (a) the intensity of the

relaxation rate, consistent with the view that a more relaxation spectra decreased. (b) the distribution of reMot e-

disordered structure was initially quenched In. tions decreased and (a) the ratio of the Intensity of the low
tem perature spectrum to the total spectrum decreased.

INTROD UCTION We thus suggest, on the basis of the correspondence

The ability to stress relieve amorphous alloys before between the stress relaxation trends reported and the

they crystallize is critical to the development of their trends in relaxation spectra , that the initial rapid change In

optimum magnetic properties. Thus some understanding of stress Is associated with the low temperature spectrum of

the mechanisms involved In anelastle stress relaxation of relaxations attributed to local atomic rearrangements. The

amorphous alloys and some information on the trends of Curie temperature changes [8,7) durIng annealing further

this relaxation rate with composition end process prepara- supports the view that short range atomic rearrangements

h ost parameters Is important. occur during the low temperature structure relaxation.

Lubcrsky et al (L I first reported that amorphous In this paper we analyze the time-temperature

Fe
~
$l4oPi4Be could be completely stress relieved at dependence of the stress relaxation of one amorphous alloy.

Manu’eript received 3/9/78 1
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The effects of alloy composition and some preparation

and correlated with the glass temperatures of the alloys
parameters on stress relaxation rates will then be shown ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . . __ _  

3op I4 55and the assumed atomic diffusion.

2WEXPERIMENTAL METHODS

Stresa relaxation was measured, as previously de- ~°

,o.i -
scribed , 111 by spring back measurements. The ribbon
samples with an initial radius of curvature r~ wore

After annealing, the sample was removed from the ring and 002

subjected to a strain , 0 , by first placing them in a
restraining ring with radius r0 which imparted strain. 0~~

100 300 300 400 500 100allowed to relax to a new radius, ra. The fractional stress ANN (AL TI~~, .m
relief is then

- 
Fig. 1 Stress relaxation isotherms at various temperatures

F 1 — (o,b 
~~~ 

((r
0
/r
5
) - (r 0/r1)1 / (1 - (r 0/r~

) 1. (1) for Fe40Ni 40P14B6 (open symbols), and at 225° for
Fe50Ni 30P14B6 and Pe40Ni 40B20 (solid symbols).

Since usually r~ 
> > r ~ then

constants. After about 30 to 50 m m .  a linear relationF 1 — (o/a~) r0/r0 (2)
between ln(o/a0) and t is obtained as shown in Fig. 1

This assumes that the critical resolved shear stress indicating a single first order process well separated from
is nowhere exceeded in the material so that the stress is the faster initial process or processes. The time constants,

proportional to the strain. Although a varying strain is for this slow process, are plotted in Fig. 2 as a function of
applied through the thickness of the materiel , the stress reciprocal temperature. The results indicate that the
relaxation is assumed independent of the magnitude of the process is thermally activated with an activation energy of

stress. it has been shown 11,9) through domain and 0.5 ~ 0.05eV (12 keel/mole) and = 1.9 ~ 0.8 sec4. This
magnetic property studies that  complete relief of this energy is in the range of energies, 0.5-1eV (12-24 kcal/
externally induced stress in Fe40 Ni 20!14B6 occurs at the mole), usua lly associated with motion of vacancies in
same anneal temperature and time as required to remove crystalline alloys. Our energy of 0.5eV = 12 kcal/mole Is
the internal stresses developed during the preparation of within a factor of two of the 22 keal/mole reported by
the ribbon. This may not be the case in the other alloys. Chen and Coleman (5) for the peak in the low activation

energy spectrum - of relaxations derived from scanning
KINETICS OF STRESS RELAXATION calorimetry. These spectre have been attributed to a

An amorphous alloy of Fe40N140P14B6, obtained general structural relaxation of the glass. The fractIon of
from the Allied Chemical Co. as METGLAS 2826, has the stress reiaxation which occurs rapidly, F0, Is also
been used to examine the kinetics of stress relaxation. For displayed as a function of temperature in Fig. 2. P0 is
anelastic creep. ie, for stresses below the critical shear obtained by extrapolating the linear portion of the curves
stress, the relaxation can usually be described by the in FIg. 1 to t = 0. This fraction increases with increasing

standard linear model (101 for a first order rate process; temperature.

0/0
0 

= exp(-t/-r ) = exp(-vt) (3) As in crystalline alloys we may relate the anelastic
creep or stress relaxation to diffusion of various species.

where t Is the time constant and a and 00 are the strains There are no direct measurements of diffusion In amor-
at time t and at t = 0. A plot of the results in this for m are phous alloys of this type. Thus we cannot compare the
shown In Fig. 1. Similar results have been reported (2 ,3) activation energy found to either metalloid diffusion or to
but these results were not analyzed kinetically. There Is transition metal diffusion. There are three measurements
obviously more than one time constant involved at each of diffusion In amorphous alloys. All of them showed faster
temperature. The fast process or processes which occur diffusion in the amorphous state than In a corresponding
initially are not resolvable here or in the other work (2). crystallIne state. The diffusion of H2 Into Fe80P13C7 andThese results Indicate a distribution of first order time Into Fe70Cr 10P13C7 was found to have an activation

2
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to find ~ = 25 (1163) = 29 keel/mole if diffusion of Iron or
nickel were responsible for the relaxation. The much lower

10 ~ (01 
value of 12 keel/mole found suggests either that diffusion
of a different atomic species, e.g. P or B, is responsible for

¶TS
\ 

this slow stage in the relaxation, or that the motion or
Fs 40 NI~~ P 14 8~ annihilation of holes is the rate controlling factor. It Is

- 
well documented that the vacancy concentration controls

- 
¶° \ the activation energy for diffusion In many crystalline

~~~~ F15o N1 30 P 14 85• alloys and in particular in 8ONi2OFe (14). For example .F,40 N1 40820 for magnetic directional ordering ~E increases from 0.8eV
(18 keel/mole) for the quenched alloy to about 2.4eV (55
keel/mole) for well annealed specimens free of vacancies,
The activation energy for the directional ordering of stress
relieved FeNiPB amorphous alloys has been found [13,141
to be In the range of 16-32 kcal/mole. It was suggested
[15 ,161 that the amorphous “vacancies,” Ic, hole size and
concentration contr.ols this reorientation Just as In
quenched crystalline alloys. Note that for the Fe40Ni 40-

the activation energy for directional ordering for
the stress-relieved alloy was 32 keel/mole; just about what

• 
‘
%..~~ would be predicted from the pl’oposed empirical correlation

• = 25 Tm~ if we assume that the controlling mechanism
. is the diffusion of Fe and/or NI.

Isothermal anneals were carried out on two otherc 
1 .6 1.8 2.0 2.2 2.4 2.6 2.8 alloys Pe50NI 30P14B6 and Fe40N140B20 but only at 225°C.

iO3
~T, K ’ These results are shown in Fig.. 1 and 2 on the same graphs

Pig. 2 (a) Rate constants and (b) fraction of process - with the more extensive Fe40N140P14B6 results. Both the
involved In the initial fast relaxation both as a function time constants and F0 were smeller for these two alloys
of tempera t ure for the same alloys as in Fig. 1. than for the Fe40N140P14B6 suggesting differences in their

free volume as will be discussed.
energy of 0.34ev (7.8 keel/mole) and 0,18eV (4.2 keel/mole) .

respectIvely (111. ThIs diffusion probably occurred via an STRESS RELAXAT I ON AS A FUNCTION
interstitial mechan ism. - Two studies of diffusion Into Pd-SI OF COMPOSITION 

-

amorphous alloy have been reported. One study used a The stress relaxation of some other alloys after
small atom , LI 1121. and found an a~tlvation energy, which isochronal anneals are shown in Fig. 3. Some features to
we calculated from their results, of 1.9eV (66 keel/mole). note are: (1) All of the alloys exhibi t a typical “8” shaped
In the other study the larger Ag atom was diffused into Pd- curve, starting to stress ~elieve at 100-125°C and
Si (131 . The activation energy 8E found in this case was completing their stress relief at 300° to 360°C. (2~ The
1.3eV (30 keel/mole). Ag was cho en because of its temperatures for complete stress relief are .11 below the
similarity to Pd so that it could be viewed as a self temperatures required to initiate crystallization. Some of
diffusi ng specie.. This AE 2STm ~~~~~ 30 Tm as reported) these crystallization temperatures have been reported
where Tm I. the melting point of the Pc~ I alloy. It was 117) . (3) The stress relief curve for the amorphous alloy
pointed out that this value of ~E was between 7 Tm~ 

Pe40N140P14B6 outained from our laboratory falls well
characteristic of self diffusion In liquids and 34 Tm~ 

below the curve for the same alloy supplied by Liebermann
characteristic of diffusion In crystalline solids. Based on and Graham (18) and by Allied Chemical Co. The
the models of glasses as consisting of supercooled liquid differences are most likely caused by differences in the
structures the above result would be expected. If the same amorphous structure resulting from differences In prepare-
~ lq~lofl, 6E 25 Tm~ 

holds foe this alloy we would expect tion of the ribbon. (4) Stres, relief curves for two hour

3
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Fig. 3 Stress relaxation of some amorphous alloys as a FIg. 5 Stress relaxation after 2 hi’s. at 225°C for various

result of 2 hr. isochronal annealing. Numbers after alloys as a function of metalloid composition given by

compositions refer to samples from Allied Chemical Co. solid curves. Alloys prepared by Allied Chemical Co.
and indicate their Metglas designations (solid symbols). given by solid symbols. Dashed curve shows T~ (22 1.
Slashed symbols refer to sample made by H. Lieber- 0 for one—half thickness of 0.
mann/C.D. Graham, Jr. designated by L. — — - -‘— - - _____________

OFea. 1P15 B0 0 Fi1~10 ~ 
B0

- +FIssx Pe Al0 £Fl~~ .0 Si~ ~vacuum anneals were also reported by Davis et al [191 for DFIr .X P, Si8 - - - (F. 5 Ni,)00.f14 ~the alloys Fe40 Ni 40 P 14B6 and Fe80B20. These reported ~~Sua-x Ba 5x -~ -- (F ’ 0 Ni 5)5 5 P15B 5 AI~vFsw.0815 P5 - -.(F.5 Ni 5 ),, 5P5 8, AI~curves showed some differences compared to the results 
-

reported here. Stress relief did not start in either case bi: 1.0 8/

until tAe samples were annealed near 200°C. Stress relief ‘
~~
. A’Sl/

started precipitously and there appeared to be steps in the ~ 0.8 i’Ti, ~~~
stress-relief -temperatu r e curve. The reasons for these ~~ 

/ - ~ sAI

~~0.Edifferences are not clear.
~660,?

The effect of composition on the stress-relief rate is 0.4 m

readily seen from measurements of s&mples annealed for 2
hr.. at 2250C. These results are summarized for a number “ 0.2

of series of alloy variations in Figs. 4—6. Fig. 4 shows 
________ __________ - j0 ---~-------cr

variations in the Fe-Ni ratio with three different systems 0 2 - 
- 4 10 12 IA 16 18 20

AT0M~~%8 .SI 0R Pof metalloids, -B20,-P14B6 and -P14C6; the metallo id
Fig. 6 Stress relaxation after 2 hrs. at 225°C for various

i.e alloys as a .function of replacing Fe by metalloid. givenoF. 0 NI 50.0 P 14 C, Ti.. 720 by solid curves. Dashed curves for Tg (22 1.— oFi 5 NI 00.0 P ,, Ss •.— .Jj,, ~~~ 
7

08 ‘0F1 0 Ni50.5 850
-- F •0 NI,7.5 P14 ~~~~~~~~~~~~~~~~~~~~~~ ~~ 

compositIon was varied in Fig. 5 using B—P and B—Si; and
the metal-metalloid ratio was varied in Fig. 6 for a number.. of different alloys. Assuming that the preparation of all of

0.6 

these alloys was carried out Using approximately equivalent0.4
160 conditions then the trends shown should reflect the

02 0 mobillties of the atomic species involved In the rearrange-

_______________________________________ ments leading to stress relief. The atomic mobilitie, wIllC0 20 40 60 80 be Influenced by the free volume developed during the

Fig. 4 Stress-relaxation after 2 h r’s. at 225°C for var ious quenching through Tg and by the subsequent structural

alloys as a function of Fe given by solid curves. Alloys relaxation which may occur during the secondary cooling

prepared by Allied Chemical Co. shown by solId period. These changes will be reflected in changes in the

symbols. Dashed curves show Tg; — 22 -‘-. and viscosity of the solid. Note that in P Ig. 4 the samples

[171 obtained from the Allied Chemical Co. stress relieve to a

4 
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greater degree , Ic faster , than sample. made in our series of similar alloys. Since one of the mechanisms of

laboratory as was also seen in the results in Fig. 3. We structural relaxation involves the diffusion of matrix
interpret this as reflecting the differences in preparation atoms, this analysis which predicts no change in D at Tg
conditions, so that the resulting structure is different. with composition predict, no change In stress relaxation

The order of increasing effectiveness of various rate at Tg with composition. At temperatures below Tg
atomic substitutions on the rate of stress relief can be I) = D0 exp(- ~~v/RT ) (8)
deduced from these results to be

where 
~Ev = activation energy for viscous flow. Thus the

Al. Si’ B < P  < C ,
- observed changes In stress relaxation with composition are

Fe < Ni due to the temperature dependence of D as given by (8) and
(4)

and - are related to the viscosity of the solid. For example, with
an increase in Tg~ the number of holes will decrease leading

B <Fe
to en increase in the viscosity or a decrease in diffusion

The effect of composition on stress-relaxation has which will result in a decrease in stress relaxation rate.
been considered qualitatively. Three factors may Influence Another way of arriving at this conclusion is simply
the observed relaxation rate: (1) The structure quench~1 in by referring to Williams et al (231 who observed that the
during the original Preparation of the alloy as it cools relative free volume for a variety of glasses was constant
through Tg’ (2) The cooling rate below Tg~ (3) Diffusion of at Tg• This suggests, by eq. (5), that D at Tg will bemetalloid atoms or matrix atoms at temperatures below independent of the glass composition since v*/vf is con-Tg~ stant.

The structure quenched in during the original pre- The cooling rate during quenching through Tg mightparation of the amorphous alloy has been characterized by effect the structure of the amorphous alloy also if we
the free volume (20 1 of the alloy. Ramachandrarao et al assume a non-equilibrium process. Thus we may freeze in a
( 2IJ assumed tha t the free volume results from the free volume characteristic of a higher temperature than -

formation of holes. Thus the self-diffusion coefficient was
written as 

Tg~ by very rapid cooling. The higher Tg~ the greater will
be the dT/dt. the greater the free volume, and the greater

D = l/6a’u exp(—v*/vf) (5) D at Tg~ This- predicts that the stress relaxation rate,
- which will be proportional to D, should then be proportional

where a = atomic diameter of diffusing species, u =

(3kT/m)~
2 

= the gas kinetic velocity, v” = hole volume per 
Tg• This is the reverse of what is observed in Figs. 4-6.

The cooling rate during cooling at temperaturesatom and = average free volume per atom. The value of
V at Tg was given by . below Tg will also affect the stress relaxation rate. This

secondary cooling rate is controlled principall y by the time -
= (Rv a/ ~~p) 

~ w’htTg)2 
~
XP(
~
Eh/RTg) (6) 

of contact of the ribbon with the wheel. If the sample
leaves the wheel at a sufficiently high temperature, thewhere R is the gas constant , y

e = vo’ume per atom , AC~
the change in C~, at Tg~ and Eh the energy of formation of subsequent slow air cooling permits the structural relaxa-

one mole of holes. The value of vf at Tg is given by tion to occur with a resultant decrease In free volume. The
- higher the melting temperature , Tm~ for a given contact

= 
~a 

CXP(_Eh/RTg) 
time, the hotter the sample as it leaves the wheel, and

We now evaluate the changes In D expected on changing therefore the greater the structural relaxation and de-
the alloy composition. Ram aehandr ar ao et al (211 shOwed crease In free volume, resulting In slower stress relaxation.

If we assume Tm is proportional to Tg then this is thetha t foe a number of similar amorphous alloys E)/Tg was
quite constant. Some values of AC~, have been reported relation observed , ie, Tg Is inversely proportioo)al to stress

1223 for N 1PePBA1 alloys which varied only from 4.7 to 5.5 relaxation.

cal/deg-mole for alloys from 0.5 to 1 atomic fraction of Fe STRESS RELAXATION AS A FUNCTION OF
to Ni without any trend with composition of Fe to Ni. Thus PROCESSING PARAMETERS
6C~ can be considered to be a constant also. Therefore v’ In Fig. 7 we show some results of stress-relief using
* constant , Vf constant and thus D constant at Tg foe a the same 2 hr. anneal at 225°C for variations in

5



0 6 concentration is the rate controlli ng factor. The inverse
correlation between T and stress relaxati on rate for ag
variety of amorphous alloy series has been explained by

~~ 04 - assuming either that the cooling rate during the secondary
cooling perIod is controlling a structural relaxation which
affec ts the tree volume and thus the relaxation rate or the
temperature dependence of diffusion below Tg which

U, controls viscosity and thus the relaxation rate. Processing

0 variations affecting the melt temperature, the pr imary and
0 2 4 6

HOLD T IME • mlii the secondary cooling rate also affect the relaxation rate.
Increasing melt temperatures which Increases the ra te can

Fig. 7 Stre ss relaxation of Pe83B17 as a function of
process variations. 025cm dIameter wheel, gas hold 

only be Interpreted as reflecting the increased randomness
or decreasing shor t range order In the melt with increase in

down; ~~ 25em diameter wheel;DlOcm diamete r. wheel;
010cm diameter w’~eel with new furnace, 

temperature. Increasing the pr imary and the secondary
coolIng also Increases the rate by Inhibiting the possible

processing conditions. The abscissa , “hold time.” ~ 
structure relaxations, that is, by freezi ng in a higher

proportional to the melt temperature. The second furnace degree of disorder .
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Crystallization kinetics of Fe-B amorphous alloys
F. E. Lt~orsky and H. H. Uebermann
Oeaerei £I.rt$c Caoporat . ~.u~reh amd Dcrelcpiwmt. &henec:ady, New York 12301 -

(Rectived 20 Apeil 1971; accepted for p.’~~”~~ce 31 May 1978)

Amorphous Fe.B ribbons with 72.1$ sb Fe were prepared by melt.spinmng. The inception of
crysthllizstioe sad the growth of ciys*sis was determined by differcatiai scanning calorinsetiy. The
activation ener~~, 41, sad ibs prs.szpcesntial constsnl, A • far both the inception of crystallization and
the peak in the C~~~~~”~~~ isotherm are ‘~‘p d.’.t of composition Irons 72.62 sb Fe. 81 and A
steadily decline the Fe content is Increased from $2 to 88 a/c Fe. The concurrence of the AR and A
values for the hicq,~ ’- of c 11~~’4~~ and for the peak in the crystallization ezothenn su~~ests that the
same diMiNos mrh~.l~~ I ccstsciling the kinetics In both periods. This compositional dependence of
constants In the Azrbe.lus relation I attothuted to decreased filling of holes by B in the Bernal’hke
structure as the Fe content iscreNsa

PAC3 numbam 6l.40.D( 6l.50.O~ 64.70 Kb, $l.40.E(

The dense random packing model, DRP,t Incorporates the number and position of the constituents in the sys-
Bernal structural units resulting In a configurational tern. From Eqs. (1)—(3), we obtain
framework In which the relatively small metalloid

~~=A ( 1—x) e I A.E~atoms are situated in the larger interstices formed by 
dt xp~ ~ ) (4)

the transition-metal atoms. A dense random packing of
hard-sphere atoms could accommodate 21 vol% of a which holds for any T. The reaction rate at the start
smaller hard—sphere specie. in which the sphere size of transformation is minimal and its time derivative
ratio is close to that of the transition-metal and metal- therefore zero. Similarly, the reaction rate atthe peak
b i d  atoms. It may be expecten that the frac tion of the in the exotherm Is a maximum and thus its time deriva-
large Interstices which are filled would strongly in- tive is also zero. From Eq. (4),
fluence diffusion-related process..’ such as crystalli- dx’ IA-E dT / AE~ldxzation, magnetic annealing, and stress relief. In this ~~ ‘~~~

- — A exp 
~

-. 

~~~ 
(5)

paper we examine the kinetics of the Inception crystal-
lization and the growth of crystallite. in Fe-B alloys. The minimum or maximum occurs at temperature T~,

defined by setting Eq. (5) equal to zero:
Amorphous alloy ribbons were prepared by melt

spinning, using the circumferential surface of a rapidly A “ ~~~~ Al /dT’
rotating copper wheel as substrate. 3 Alloys with 72—88 ezp~-~~~—)= ‘~~‘~~y (,,~ -) ‘ (6)

at. % Fe were found to be amorphous when examined by where dT/ dI = ~, the heating rate. A plot of 1n(~/T,~)x-ray diffraction. However, magnetic property mea- versus lIT, will have a slope of — AE/R.
surements, which are more sensitive to the presence
of small quantities of precipitated phase, indicates that Figure 1 shows typical 1n(4/ T~) -vs-1/ T1, plots and
the 72 and the 88 at. % Fe ribbons contained some small Fig. 2 the compositional dependence of Al and A values
amount of crystallinity. obtained f rom the plots in the former figure. Both the

inception and the peak In thc crystallization exotherm
Crystallization temperatures were determined from are shown. There is no change In Al or A for composi-

the exothermic peaks obtained by differential scanning lions from 72 to 82 at. % Fe. An average value ofcalorimetry, DSC, in which scanning rates of 2.5— 41 = 2. 45 eV and ).nA = 36 is obtained for this compost—160 DC/min were used. The results were analyzed using
the Kissinger technique. 4 Thus, for a first-order rate
law,

(!!) = k( 1—x) ,  (1)as
where x is the fraction of material transformed in time

-‘SS and at temperature T. The rate constant k for a pro-
cess described by an Arrheniu s equation is given by

k=A exp (- 62/RT), (2) 
~ I0~

~whereA , AR , R, andTare the preexponential fre-
quency factor, activation energy, ideal gas constan t ,
and absolute temperature, respectively. For a changing Its 3 1 4  I S  I S  I.?temperature with time, the reaction rate Is

dx Idx\ 4’8X~ dT FIG. 1. Kissinger plots for the crystallizatIon of some typioal
~~~~

‘ 

~t/r ~5T)4 ~~~ 
‘ FçB~~., amorphou. alloys. Solid lines for inception of cry.—

talllzstlon; dashed lines for the maximum In the crystalllza -
But (ax/ar)1 is zero because fixing the time also fixes tion exotherm.
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at for diffusion by a mechanism analogous to that found in
crystalline materials with excess vacancies. The
mechanism for diffusion must change for compositions

atomic migration may occur by a seif-diffusion mecha-
with B content greater than 21 at. % In this case,4~~~~~.3

I I~~~~~~~~~~ I

nism , indep endent of B concentration . Since the in-

_____________________________ 
ception of crystallization must involve diffusion of Fe
and B, we have therefore suggested a correlation be-
tween the onset of crystallization and structural changes

____________ on an atomic scale as composition is varied in the
~~~~~~~~~~~0

- 

Fe-B alloys.

3 . It may be argued that the slope change in the Al- and

__________________________ A-vs-composition curves are due to the precipitationU. I
of different phases on either side of the eutectic corn-
position. This would result in a ciifferønt driving force

FIG. 2. ActivatIon energy and frequency factor for Fe,B1~~, for thermally activated processes. This argument
amorphous alloys. Solid circle obtained from previous work probably cannot be substantiated in view of the density
(Ref. 4) using Isothermal annealing for the Inception of crys- data T and the stress-relaxation data8 on the same series
tallization. Solid line for inceptIon of crystallization; dashed of alloys. Both the change In density and change in
lines for lisa maximum in the crystallIzation exotherm . stress relaxation with composition is comprised of two

l
~ 
near regions of different slopes with the transition in

slope occurring at about 81 at. % Fe. These density

lion range. These values compare quite favorably with changes provide a direct indication of changes in molar
volume and thereby vacancy concentrations. Both thevalues of A8=2 . l eV and lr iA=3 1.6 obtained from

isothermal annealing work for the Allied Chem ical density and stress relaxation are independent of the

Co. alloy Fe,,B55.’ This data is shown by the solid species forming on crystallization.
circles in Fig. 2. Both AE and A fall drastically in the We are very appreciative for the work of Nancy
composition range beyond 82 at. % Fe. The 88 at. % Fe Marotta in obtaining the DSC results and for the many
alloy showed considerable scatter in the ln(~ /T,~)-vs- helpful discussions with J . J . Becker. We are grateful
1/T_ plot , indicating the likelihood of nonuniformities in to the Office of Naval Research for partial support of
the samples. The fac t that both the inception of crystal- this work.
lization and the maximum in the exotherm yield the -

same values of Al and A suggests that the same diffu-
sion mechanism is responsible for the rate limiting
step in the incubation period and in the growth period.

We believe that the change in slope of the Al- and 1D. E. Polk, Acta Metalt. 20, 485 (1972).
A-vs at. % Fe curves is related to changes in the DRP 2 P. Rsmachand rarao. B. Cantor, and R. W. Cahn, J .  Mater.

801. 12, 2488 (1977).structure. Accord ing to Polk, t metallic glass struc- 3H. H. Llebermann and C. D. Graham, Jr., IEEE Trans.lures may be modeled by the Bcrnal dense random Mage. 1(40-12, 921 (1976).
packing of hard spheres. In this model, the random ~if. E. Kissinger, J .  Res. Nat. Bur. Stand. 57, 217 (1956).
packing of relatively large metal atoms results in the 5F. E. Luborsky, Mater. Sd .  Eng. 28, 139 (1977).
formation of large “interstitial” holes. The holes can F. E. Luborsky and W. D. Barber , J. Appi. Phys. 39, 746

(1968).accommodate up to 21 at. % of suitably smaller metal- TR. Ray, R. Has egawa , C. -P. Cbou , and L.A. Davis, 8cr.b i d  atoms. Thus, there will be an excess of large holes Metall. 11, 973 (1977).
in the structure for B contents less than 21 at.%, F.E. Luborsky, H.H. Liebermann, and J.J. Becker
leading to a low activation energy and fr equency factor (unpublished ).
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Magnetic Moments and Curie Temperatures of
(Fe, Ni)80(P, B)20 Amorphous Alloys

JOSEPH J. BECKER , SENIOR MEMBER , IEEE , FRED E. LUBORSKY , SENIOR M E M B E R , IEEE , A N D  JOHN L. WALTER

Abstra ct—The magnetic moment per transition metal atom at0 °k snd et a!. [1], [2] showed that the atomic moment in a series of
the Curie temperature w.re obtained foi a series of (Fe, Ni )so(P, B)20 quasibinary alloys of 3d transition metals, all containing 10amorphous quenched alloy ribbons. Fe/NI and P/B compositions were atomic percent each of boron and phosphorus, was approxi.varied separately. The moment data can be fitted well by assigning 2.1.
Boitr magnetos. psi Fe atom and 04 per NI stain , with the moment mately 2, 1 , and 0 ~~ per Fe, Co, and Ni atom. Sherwood
being lowered by 0.3 per B atom and 1.0 per P atom. Aiteznatlveiy, et a!. [3J found similar values in a series of Fe-Co-Ni alloys
momenta smylag with composition, as diown by neutron diffiactios in all contain ing 16% P, 6% B, and 3% Al. In both of these inves.
czyst~~Ia. ~~cya, emnbln.d with a lowering of 1.2 psi B atom and 2.1 tigations the variation of Curie temperature with 3d.metalpsi P atom, si.o fit well. Per a gives P/B composition, T~ shows a composition was also shown. In both instances a maximumbroad maximum at P1:141 of about 3:1. Pot s Pven trand tlon metal 

was observed at about 6 Co atoms per 4 Fe atoms, although atcompoldos. T~, Ineresess with Increasing B ~ofltent. 
considerably higher temperatures in Mizoguchi’s alloys. Simi-
larly, his Fe-Ni alloys had higher T~. than those of Sherwood.INTROD UCTION
Hasegawa and Dermon [4] measured the Curie temperatureERROMAGNET IC amorphous metals can be prepared by of Fe,5 P1 5C10 and alloys with up to half the Iron replaced byrapid solidification of alloys containing about 75 to 80 nickel. Again, their T,~ were lower than Mlzoguchi’s. Theseatomic percent transition metal, the remainder consisting of differences are undoubtedly related to different glass-former

glass-forming elements. There have been some indications that compositions, which affect 1’,, strongly, as will be shown.
the magnetic moments per transition metal atom, and the Other investIgators varied the glass.former composItion.Curie temperatures , are somewhat lower than in the corre- Yamauchi and Mizoguchi [5]  investIgated Fe or Co with B + P

A number of investigators have varied the transition metal well with those calculatcd by assignIng 2.6 d-band holes per

~ 

spending crystalline alloys, or C + P and found that the atomic moments agreed fairly

composition for a fixed glass.former compositIon . Mizoguchi Fe or 1.6 per Co atom and reducing this moment by 1PB for
each electron contributed by the glass-former , the contil .

Manuscrip t receIved September 28. 1976. This work wa~ supported butions taken to be I per B atom , 2 per C or SI, and 3 per PIn part by the Office of Naval Research. 
atom. Durand [6] studied Fe—P—B alloys and found that forThe authors are with the General Electric Research and Development

Center, Schenectady, NY 1230 1. a constant percentage of one glaas.(ormer, the Fe moment
Copyright C.’ 1977 by The Institute of Electrical and Electronics Enginsera, Inc.
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SF. IN ALLOY 55 IN ALLOY

Fig . 1. Moment per transit ion metal atom at O~K of amorphous alloys Fig. 2. Moment per transition meta l atom at 0°K of amorphous alloys
as function of transition metal composition. Lowe r curves calculated as function of glass.Iormer composition. Lower curves calculated
from rigid.band model , upper curves using variable moments. Filled from rigid-band model, upper curves using variable moments. Filled
symbols, alloys fro m Allied Chemical Corporation. circles , alloys from Allied Chemical Corporation.

would go down but the Curie temperature would go up as the placed in a field of 220 Oe in a nitrogen atmosphere and the
other glass.former was substituted for Fe. A similar result for force due to a superimposed field gradient was recorded as the
T,, had been found by Chen (71 for Fe-P-C alloys, temperature. was increased through its Curie temperature. The
There have been no previous reports of systematic studies of results were then normalized at room temperature to the

alloy series in which both the metal and metalloid composi . average room temperature M5 for all samples of that composi-
tions have been var ied separately. We have investigated alloys tion. A numbkr. of toroidal samples were also measured as
of the form (Fe , Ni) 50(P , B)20 in which we have independently a function of -temp erature from liquid nitrogen to the Curie
varied the Fe-Ni and the P-B compositions, in order to study temperature. . The magnetization-temperature curves were
the effect of each on atomic moment and Curie temperature. alt closely szmt%as in shape when plotted as M/M0 against TI T C.

Th is single average curve of M/M0 versus T/ T ~ was used to
EXPERIMENTAL PROCEDURE extrapolate the measured magnetizations to 0°K. Each mo-

Amorphous ribbons were prepared by the technique of solid- ment shown in Table II and Figs. I and 2 represents an average
ifying a st ream of molten metal against the outside of a rapidly of from 4 to 30 magnetization measurements over various
rotating copper drum [81 . Measurements were also made on samples and annealing-treatments.
samples of nominal composition Fe 50 B20 and Fe40 Ni40 P,4B 6 We measured the densities of a number of samples of
obtained from Allied Chemical Corporation, Morristown, NJ. METGLASn 2826 and of our Fe40Ni40P,4B6 alloys by the
These materials are designated METGLAS® 2605 and 2826 , bouyancy method and obtained a value of 7.52 g/cm3 . The
respectively. densities of other compositions were obtained by calculation,
Chemical analyses of these alloys were obtained by the d cc- making use o , some observations summarized by Cargill (9) .

tron microprobe technique. Most of the alloys were analyzed He reported the measured densities of a number of metal-
for all four elements individually. The average deviation from metalloid alloy glasses. He then calculated packing fractions
nominal for 91 determinations was 1.0%. The data in Figs. I s~ given by
and 2 are given for nominal composition. 

— ~ ( .‘5~ 3>
Magnetic measurements were made on the ribbons either as ‘~ — ‘~ P15

straig ht samples or in toroidal form. In all cases the strips or where Po is the density in atoms/A3 and (R 3) is the average
toroids were first stress-relieved by an anneal in vacuum or value of the cube of the atomic radii. These are taken to be
nitrogen, respectively, In the temperature range 250—350°C. the Goldschmidt atomic radii for 1 2-fold coordination in the
Several samples of each composition were heat treated at dif- case of the metal atoms [101 and the tetrahedral covalent radii
ferent temperatures. Some samples were subsequently cooled for the metalloid, (11]. Carglll found that the packIng frac .
in a field of 20 to 50 Oe. Magnetization curves were measured (ions thus obtained were remarkably constant , having a value
to a maximum applied field of 50 Oe for both strips and of 0.673 within at most 3% for a large number of metal-
toroids. The magnetizat ion was extrapolated to infinite field metalloid alloy glasses. Starting from our measured value , we
by plotting against I / H .  The 50.Oe maximum field was gener- calculated the packing fraction , using the Goldschmldt and
ally sufficient for saturation; the greatest increase on extrapo- covalent radii. These are 1 .27 A for Fe , 1 .24 A for Ni , 1.10 A
lation was 5%. All samples were measured at room tempera- for P, and 0.88 A for B. The packing fraction deduced in this
tur e. To obtain the magnetization as a function of tempera- way has the value 0.676. This value was then used with (I)
ture for each composition , a sample about 1 cm long was above to calculate the density of alloys of other compositions,

thereby normalizing them to the measured value. The den.
llsjstsred trademark of the Allied Chemical CorPoration. sitles thus obtained are compared with reported densities of
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TABLE I SOC T I

Composition ~ nstty in 100
Calcul.at .d Reported

$00 -

~~4O~~4O!’14~6 7 5 2 (a) ,,(12)
p
’4.,.

?iSOB2O 7.08 7 4 ( 13) 500

T.~~P~~C7 
- 7.20 6.97(14) 1 400 -

755 (15) ‘~
‘ (Fi .UUuIP ,I)ssAL LOYS

300 -

Pe75P13C10 71J 695(16)

Co755t15110 L48 8.46(1~ 
200 - -

Co75P16B6A 1
3 7.63 729 (b) 100 -

P.75P1656A1
3 7.00 ~~~~~~~~~~~ 

C, I

________________________________________________________________ SO 70 50 50 40 30

(a) Also measured in thia work S Fi IN ALLOY

(b) Calcu lated from msgnettzatton and moment values given in
ref .rence - 

Fig. 3. Curie tempe ratures of amorphous alloys as function of transi-
tion metal composition. Curves calculated as described in text.

TA BLE II
500 - - _________

4ir!lAtcmtc a T P “-percentage Boom T 0c 
~ 700

fA~~.&! ! ~ S~!!L •50
80 20 15790 378 7.08 1.94 600

(A) 80 20 16120 7.08 1.98

16000 374~ 199 a 500 -

70 10 20 15480 460’ 7.17 1.86
400 - -

60 20 20 13910 465’ 7.28 1.69 ,.
~
‘ (F..NU•0(P .S)~0 ALLOYS

50 30 20 12280 452 7.38 1.52 300
45 33 20 10920 427 7.43 1.38
40 40 20 10420 396 7.49 1.31 200 -

80 14 6 13860 344 7.14 1.85 100
70 10 14 6 12350 335 7.23 1.64
60 20 14 6 11630 346 7.33 1.34 C I

0 5 m is 10
50 30 14 6 10380 334 7.43 1.37 55 IN ALLOY
40 40 14 6 8470 7.52 1.23

Fig. 4. Curie temperature of amorphous alloys as function of glass.(A) 40 40 14 6 7910 255 7.52 1.15 formcr composition. Curves calculated as described in text.
7900b 252b

247’ l. t4~
30 30 14 6 3910 138 7.6 3 0.93 All of the straigh t lines in the lower portions of Figs. 1 and 2
40 40 4 16 8660 343 7.30 1.17 are drawn according to the following equation:
40 40 5 12 5880 336 7.31 1.21
40 40 11 9 9180 304 7.52 1.27 p= (2.la+0.6b - l.Oc - 0.3d)/0.8 (2)
40 40 17 3 7850 230 7.33 1.11 where the composition is expressed as Fe.N18PCBd with a + b +
40 40 20 6810 207 7.54 1.08 c + d = I .  If one considered that each iron atom contributed
(A) Materia l obtained from Allied Chemical Co. 2. 1 and each nicke l 0.6 Bohr magnetons , and that each phos-
e Obtained by extrapolation of St vu T curve from the phorus reduced the moment by 1.0 and each boron by 03onset of cry.tallisation
a Tram Refere nce ~~ Bohr magnetons, one would obtain the above expression for
b Tram Re ference ~~ 

the momen t per transition metal atom. It appears to fit the
c Tram Refer ence ~~ data well, over a wide range of compositions. Its slope is

somewhat less than one Bohr magneton per electron per (ran-
quenched alloys in Table I. The discrepancies are within ± ~~ 

Sit ion metal atom , and thus not quite parallel to the Sister-
• except for Co,5Si15B10. Pauling curve.

Instead of employing the rigid-band model as above, it Is
• RESULTS AN!) DISCUSSION possible to fit the data very well using individual moments

The room-temperature saturation magnetization and the vary ing with composi tion , as described by Kouvel 1201 ,based
Curie temperature are shown in Table II, along with the on neutron diffraction data of Shull and Wilkinson 1211. The
densities and the moment per transition metal atom ~t 0ic. moments are given by
FIgs. 1 and 2 show the moment per transition metal atom at 

~ — 0 5 7  + 0.20x (3)0 K  as a function of composition. In FIgs. 3 and 4 the van s- -

tion of the Curie temperature Is shown . MF, 2.20 + 0.80(1 - x) (4) 

-•.--. ____________________ —• — —  ______
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TABLE I l l  Ilooper and A. M . dcGraat . Eds. New York: Ptenum . (973, pp.
__________________________________________________ 325—330.

‘
~FeFe 

‘TFeNL TNLNL 12 1 —- , “Amorphous Magnetism o Transit ion Metal Alloys.” in
Proc. m l .  Conf on Magnetism , Moscow, 1973. pp. 54—58.

(Fe .Nt)80820 651 1055 -275 (3 1 R. C. Shcrwood ci a!., “Ferromagnetic Behavior of Metallic
Gla sses,” A/P (‘on! Proc.. Vol. 24, pp. 745-746, 1975.

(Pe ,Ni) 80F1454 617 750 -230 141 R. Ilasegawa and I. A. Dermon . “Electrical Rcs,st ivity and
(‘ur ic Temp erature u Amorphous (l :e_Ni)_P..C Alloys,
Pin’s. L ef l. , Vo l. 42A , pp. 407—409 , 1973.

in Fe~ Ni t1 X1 . When this is done; the data arc ilited ~ 
~~ K . Yamauchi and t. Mwoguehi. “th e Magnetic Moments of

A morphous Metal-Metalloid Alloys. ” J. Thys. Soc. Japan ,
shown in the upper portions of Figs. I and 2 by taking a con- Vol. 39, pp. 541-542. 1975.

tn ibution of 1.2 electrons per B atom and 2.1 per P atom. This (6j  3. Duran d, “Concentranon Dependence of the Magnetic Proper-
ties in Amorphous Fe-P-B Alloys ,” IEEE Trans. Magn., vol.scheme has the vir t ue that the magnitude of the electronic MA G-l 2 , pp. 945-947 , 1976.

contribution is perhaps a little closer to what one might cx- (7( H. S. Chess, “Effects of Composition and Structure on Magnetic
Properties of Amorphous Fe-P-C Alloys.” P Ass.  Stat. So!.,pect from valence considerations. Vol. All , pp. 561-566, 1973.

The Curie temperatures are shown as a function of tran- 181 H. 11. Lieberman and C.!). Graham, .I,.,”An Apparatusand Tech-
sition-metal composition in Fig. 3 and as a function of glass- nique for Producing Metallic Magnetic Amorphous Ribbon ,”

IEEE Trans. Mag n,, vol. MAC-I 2, pp. 92 1-923 , 1976.former in Fig. 4. Following Kouvel , the Curie temperatures 191 C. S. Carg il , I ll . “Structure 01 Metal lic Alloy Glasses,” in Solid
were calculated as a fu nction of composition from State P#ysics, Vol. 30. II. Ehrenr ei ch . 1’ . Seitz , and D. Turnbull ,

Eds. New York: Academic , 1975. pp. 227—320 .
T = 

TNINI( I - x)  + TFe I.eX 110) K. P. Elliott , constitution of Binary Al loys. First Supplement.
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The Fe84Bi6_ ~ C~ and Fe86Bi4..~ C~ amorphous alloy

systems have been examined for O� x �1O. Curie tem-
perature, T~ , increased by 12°C while the magnetic mo-
ment at low temperature, aEl, decreased by only 1. 7%
as B was replaced by C. This moment decrease corre-
sponds to a 0. 25 Bohr magneton differe nce between boron
and carbon. The approximately 3% increase in room tem-
perature magnetization of the Fe84Bi6..,~C,,.

~ 
alloys is at-

tributable to increased T~~. Annealing resulted in another
2% increase in magnetization. Coercivity, Hcj increased
six fold with the substitution of C for B but was found to
decrease by about 40% after annealing as a result of stres~
relief. X-ray data revealed that X/2sine for the maximurr
of the first diffust ’ band increased from 0. 2026 nm to
0.2050 nm without an accompanying change irs band width
at half maximum. Amorphous alloy stability decreased
significantly with addition of C to Fe84B16, contrary to
predictions of the “ confusion principle ” in which alloy sta-
bility is said to be enhanced with an increased number of
alloying species. The reasons for changes in Nc, X/2 sine
and alloy stability are not clear.
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REPLACEMENT OF BORON BY CARBON IN Fe-B-C

AMORPHOUS ALLOYS

F. E. Luborsky, J. J. Becker , and H. H. Liebermann
Corporate Research & Development

General Electric Company
Schenectady , N ew York

A recent report1 described a large increase in room tempera-
ture saturation magnetization , a~~, on the replacement of B by C

in Fe—B—C amorphous alloys. Because of our interest in high

magnetization alloys, we have repeated some of this work and
extended the study of Fe—B-C amorphous alloys.

Amorphous alloys with nominal composition Fe84B16_~ C~ have
been prepared in ribbon form at our l aboratory and their properties
compared with Fe86Bi4 ....~ C~ alloys prepared at the University of
Pennsylvania.1 Ribbons fabricated at our laboratory were prepared

from electrolytic iron which had been vacuum—melted and deoxi-
dized. Constituent elements of the alloys were melted together

in an alumina crucible and poured into a split copper mold under

Ar. The master alloys from the University of Pennsylvania were

premelted in vacuum in graphite crucibles using elemental

powders. Ingots from both sources were broken up and melted in

a quartz ejection crucible to be impinged onto the circumferen-

tial surface of a rapidly rotating copper substrate wheel, resulting
in amorphous alloy ribbons. A microprobe analyzer was used in

the analysis of some of the ribbons and results appear in Table I.

The actual C content was found to be higher than the nominal
value in the samples from the University of Pennsylvania, presum-

ably because premelting was conducted using graphite crucibl,es.

The results of magnetic tests on all samples are shown in

Figures 1 and 2. Curie temperatures were measured with a thermo—

gravimetr’ic balance equipped with a permanent magnet over the

Manuscript Received 5/2/78
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sample to produce both a field and field gradient . The magnet
produced a field of 250 Oe directed along the axis of the 1 cm
long ribbon sample. A heating rate of 20°C/mm . was used. The

Curie temperatures of our samples increased by 12°C when 10 a/o C
replaced B as shown in Fig. 1(a). The Tc values of the samples
from University of Pennsylvania1 scatter widely. The moments

were measured using a VSM and the ~esu1ts extrapolated to

H = ~ using a 1/H function . As shown in Fig. 1, the magnetizations

at 77K are approximately constant; the 1.7% decrease with

- increased C content is probably significant compared with the
error in experimental measurement. The increase in moment is
about 3% at room temperature and the trend in magnetization with
measuring temperature is shown in Fig. 1(b). This trend is due

to the increase in Tc with the addition of C.

Amorphous alloy ribbons obtained from Dr. S. Hatta ,1

University of Pennsylvania , were of the nominal composition
Fe 86Bi~~~~C~~

. The results of our measurements on these samples

are also shown in Fig. 1(b) .  Except for the sample with 10 a/o C
which shows evidence of crystallinity , there is observed a

small decrease in moment with increased C content. These results

are consistent with the decrease in T
~ 
with C content.

Annealing of amorphous ribbons has been reported to increase
for many alloy compositions.1 The results of annealing the

Fe—B—C alloys are shown in Fig. 2. An increase of about 2% with

annealing is observed for all but the two compositions of highest

C content in samples made at the University of Pennsylvania.

This increase in is due to an increase in T
~
. The change in

coercive field, H
~
, with replacement of B by C is shown in Fig. 3

for samples from both sources. The five fold increase in on

replacement of 10 a/o B by C in both sets of samples is of interest.

Hatta ’s 10 a/o C sample appeared to be crystallized whereas the
others did not. H

~ 
was reduced by roughly. the same percentage

after annealing in all of our samples.

1~
A’- - -
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X-ray diffractometer traces of the ribbon surface in

contact with the substrate wheel showed no change in peak width 
*

at half maximum with C content. However, a small increase in
A/2sinO from 0.2026 nm to 0.2050 nm was observed for the f i r st

broad peak when going from 0 to 10 a/o C.

The thermal stability was evaluated from differential

scanning calorimetry , from scanning thermogravimetric analysis

used to determine T
~~
, and from coercivity measurements using

2 hour anneals at increasing temperatures . The results are

shown in Fig. 4. Results from all three techniques show a

decrease in crystallization temperature with increasing C

content. The 40°C/mm . scan shows the highest crystallization

temperature and the 2 hour anneals show the lowest, as expected.

Assuming a rigid band model, the low temperature saturation
magnetization in our series of alloys may be written as

= [0.84PFe — (°*l6
~~~~

MB 
— XPC] 

5587~M (1)

in terms of the Bohr magnetons per Fe, B , and C atom , respectively:

MFe Y ii~~, and 
~~~~~~ 

x is the etomic fraction of C and M the alloy

formula weight. Recall that the observed decrease in is 1.7%

when 10 a/o B is replaced by C. Various assumptions may now be

made about i.i
~ 

and then MC - TM B may be calculated. If we assume
the highest reported value = 1.6 ,2 then from Eq. (1) it follows
that MFe = 2.50 and = 1.85 or MC 

- M B = 0.25. If we assume the
lowest reported value = Q~~3, 3 then UFe = 2 .25  and Mc = 0.53 or

- 

~B 
= 0.23. Thus , although the value of Mc calculated will

depend on the TMB value selected, the difference MC 
- 

~~~~~ 
essentially

remains constant at 0.25. -

,- .—.--——- __ ________ - -  — - ———-—- -- -- --
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The increase in room temperature saturation magnetization
with increasing C content and with annealing is clearly the result
of increased T~~. The H~ increase accompanying C addition is not
understood . It may be associated with a rise in single site
anisotropy . but does not appear to be associated with higher

internal strains as evidenced by the proportional decrease in

on annealing . The decrease in stability on replacement of B by C
is contrary to the predictions of the “confusion principle”

whereby stability is said to be enhanced with an increase in the
number of alloying species. The samples from University of

Pennsylvania show considerable variability - in properties.
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TABLE I

________  

MICROPROBE ANALYSIS 
_________

Nominal Microprobe
Sample Composition Composition

No. Fe B C Fe a ~~ft ~b Total

Our Samples

15H 84 16 0 83 12 0.5
17H 84 12 4 87 8 4.5 100
l9H 84 8 8 87 4 7.]. 98

Samples from Univers ity  of Pennsylvania

Ui 86 14 0 78 12 5.0 95
U3 86 ~ I 5 78 8 7.5 94
U5 86__J 5~~~ 9 84 2 

- 
11.5 98

a. Calculated using ZAR correction procedures
b. Calculated from calibration curve

4. 
~~~

. ~~~~~~~~ - 
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A NEW MECHANISM FOR MAGNETIC ANNEALING
IN AI4ORPHO(JS METALS

J.J. Becker

INT~~OUCtION a linear and a quadratic term , the latter at tributed to
pair orientation.

three clearly distinguishable mechanisms can bring
about magnetic annealing effect, in amorphous metals. TEE SINGLE-AT(R4 MECHANISM IN AMORPHouS MATERI ALS
Two of them, pair ordering and interstitial ordering ,
are analogous to the corresponding phenomena in cry.- The ferrite mechanism described above is substitu-
talline alloys and requi~ e the presence of two kinds tional but involves Only single atoms because of local
of atoms. The third, which has not previously been low sysmetry. We point out here that a single-atom
described , requires only one kind of atom and depends mechanism can also be responsible for magnetic anneal—
on the random anisotropy believed to be present in ing effects in amorphous metals because of their local
amorphous materials. anisotropy . (7)

MAGNETIC ANNEALING MECHANI SMS Each magnetic atom in an amorphous structure sees
IN CRYSTALLINE MATE RIALS a local positive or negative uniaxial anisotropy, Ma,

reflecting the way ~ fl which it fits into its local
In a FCC or 8CC crystalline material composed of site because of the amorphous counterpart of the cry.—

A atoms , the substitution of a single B atom for an A tal field of its neighbors. These local axes will be
atom does not alter the syninetry , and such substitu— randomly distributed in direction throughout the struc-
tions cannot give rise to uniaxial anisotropy , Ku . ture , giving no net macroscopic anisotropy , but contrib-
Thus, the fundamental anisotropy—bearing entity is a uting importantly to the magnetic behavior. (7) This Mapair of atoms. Magnetic annealing takes place through provides a mechanism for magnetic annealing effects.
preferential reorientation of pairs under the influence It is here assumed to be everywhere of the same magni—
of the local magnetization , as determined by the ap- tude , but randomly distributed in direction . If a meg-
plied field. The theory has been developed in detail netic atom is replaced by another kind of atom or by a
by N~el(1) and by Taniguchi and Yamamoto~

2
~ The latter vacancy , the remaining atoms now have a net positive or

assumed that the energy of two parallel neighboring negative anisotropy in the direction of the local axis
atomic moments depends on their orientation relative of the replaced atom . In a material initially composed
to the pai r axis, becauee of anisotropic exchange. of A atoms, with (KA)A > (K &8 ,  one can establish a par-• This ~pseudodipolar” anisotropy can develop an induced ticular macroscopic easy direction by replacing A atoms
anisotropy in the material through directional order- whose axes are nearly normal to the preferrred direction
ing of pairs. Co this modal, the pai r energy is as- with B atoms. If the alloy is initially B , A atoms can
.uaed to vary with temperature as the square of M( T ) , replace B atoms whose axes are in the preferred direc-
since the time—average magnetizations of both atoms tion . To outline the calculation : since the exchange
are involved. For pair orientation, K,~ will vary with is much stronger than the anisotropy , (7) the moments
composition z as x2 for low x and will show a peak at are practically parallel , and the anisotropy energy
50%. However , this expected dependence is often strongly associated with M in some direction , $ — 0, is
modified by the tendency of the system to favor like or
unlike atom pairs , leading to clustering or intermetal- ~r/2ftc compound formation . Corrections for these tenden- 2d es  ha ve been calculated by Iwata(3,4) and may be of - J (K ~)~ cos . 2’t sin~ d $
.ub.tential magnitude. 0

A single interstitial atom placed between two which is -21t(K5)A/3, independent of direction. If now
magnetic atoms definus a unique direction and can thus the integration upper limit is changed to 1T/2 - E , cor-
contribut, to &,. Again, assumption of a pseudodipolar responding to the substitution of B atoms with (Xa)~ —
magnetic energy leads to an N2 dependence. However, 0 for those with axes between w/2 and 1T/2 — C , the
the compositio n dependence should be linear in the in- val ue of Lu is 3/2 times the difference between this
ter.titia l species. This is difficult to verify di- energy and the energy the remaining A atoms would have
rectly, as measurements in crystalline Fe-C or Fe-N if they were completely randomized . Its composition
alloys must be made below room temperature because of dependence is slightly skewed with a maximum near
rapid diff usion , and the range of composition. avail- xB — 0.6, and is linear near both x8 — 0 and x8 — 1.
able is small. The generalization to arbitrary values of (Xa)A and

(Ma ) a is clear. This type of d ependence comes about
In more c~~~liceted structures, such as ferrite., because of the geometry of the situation ; as each atom

en atom may see local uniaxial sy .try. For example, is replaced , the next available one is slightly 1.’ ~the four <ill> directions passing through an octahedral favorably oriented with respect to the preferred di—
site may not be equivalent. Other atoms will see ether rection.
locally unique <lii> axes, so that the overall cubic
sy etry is preserved. Kow~ver , preferential occupa- In this model there is no attempt or need to cor-
tion of •uch sites , as by cobalt in field-annealed rect for the tendency to favor like—atom or unlike- atom
cobalt-s ubstituted megn.tite, can bring about an over- pairs.
all x.~. (5) Being a single—atom effect , it should have

• a linear composition dependence in a cry stall ine ma- ccmPAJusGN WITh EXPERIMENT
te r ial . Experi mental r .eults on ferr ites (~) show both

These ideas were applied to some experimental re—
sul ts of Luborsky and Walter on (Fe ,Ni) ~s, alloys(8)

supported in part by the Office of Naval Research

Manusc ript received June 1, 1978. 1



and (Fe ,Ni) 80P1436 alloys , (9) which they interpreted on These results are reinterpreted on the single—atom
a pair-order g model. Luborsky and Walter • s magnetic model. It is assumed that all the atoms except boron
annealing data are reproduced in Fig. 1, from Refer- are on a dense-rando m—packing-of-ha r d-spherep (DRPHS~ence 8, and Fig. 2, from Reference 9. In these refer- network , with the boron occupying interstitial holes. (10)
ences the Lu at various temperatures were rep lotted as It is also assumed that , since the anisotropy of each

versus composition, where atom comes from nonstagnetic forces associated with the
way it fits into the rest of the structure , it might be

— Mue/(M ONo) 2 (MTNO)2 more appropriate to make çhe temperature correction lin-
early in M (T) rather than quadratically. Indeed , this

where 0 is the annealing temperature , T the measuring works better. The average spread of the points for each
temperature, and M0 and N0 the magnetizations at 0 , composition in the (Feysil..y ) 80820 alloys is only about
T, and OK. For the (FeyNil_y)80B2o alloys , this pro— 65%of what it is when Il2 is used . For (FeyNil_y)S0P14B6cedure brought the points at each temperature close to- itis only 55%. When this isdone forthe (PeyNi l_y )$0B20
gather and resulted in a max imum induced anisotropy at alloys, as shown in Fig. 3, the results at each cou,posi—
y — 0.5, as predicted by directional order theory, but tion are brought together, and the composition dependence
with a composition dependence corresponding to a sub- agrees qualitati vely with that predicted . Th. small
stantial tendency toward like-atom clustering based effect at y — 1.0 is not directly explicable but could
on the calculation. of Iwata for FCC alloys. (4) The be due to some interetitia]. B or to vacancies in the
values of K~~ for the (Fe~,Ni1 )80P14B6 alloys still DRPHS.
showed a considerable spread J eac composition , a
peak a~ about y — 0.9, and a large contr ibution at x 105
y — 1.0 , for which pair ordering would have no cx- S.C ‘planation . It was assumed that interstitial order-
ing of the P and B contributed to this large effect
at y — 1.0. -
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Fig. 1 Maximum induced anisotropy as a function of Fig. 3 Maximum induced anisotropy corrected for an-iron content of amorphous Fe—Ni-B alloys annealed nealing temperature and magnetization for Fe—Ni —Bat different temperatur es. alloys. Solid line is prop ortional to calculated
___________________________________ composition dependence for (Ka)F e < (Ma)Ni )~600C .

In this model , the relevant composition is that
— within the DRPHS network . The phosphorus is assumed to

be too large to occupy interstitial holes in the DRPHS‘c’Y
~~~~

,
~~~~~~~~~~~~~

fY
’ network. Accordingly, the results for (Fe~Ni l..~ )~ ,jPl4B64000 - have been plotted in Fig . 4 on a modified compositionSC scale that includes the P. Both the temperature our-S 0 324

0 300 
~~ eg,~.’d ~~. rect ion and the composition dependence seem reasonable.

The fact that Fe-only alloys can be magnetically an—
0 260 / ~~~•

• 
_...0.~ nealed is simply a consequence of the presence of sub-

p 226 stitutional P on the DRPHS.
A lSO / : In Figs. 3 and 4 , the calculated curve, with its

• / 

—
. 

. maxini~ near x — 0.6, corresponds to the case when
(K~)pe is less than (Ka) Nj or (Ma)p~ Since (IC~) p is

• 0, this implies 
~
1
~

1Fe < 0, each Fe atom having local
easy-plane anisotropy.

0.2 0.4 0.6 0.8
p $ ATO~~C FRACTION OF IRON Since this model does not involve atom pairs , there

is no correction in either rig . 3 or Fig . 4 for orderingr~q. 2 maxia~a induced anisotr a3~ as a function of 
or clustering tendencies. It should be emphasized thatirom cont.nt of a orphous Fe—Ni—P—B alloys annealed

41 different t~~~eratur.s.
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Fig. 4 Maximum induced anisotropy corrected
for annealing temperature and magnetization
for Fe-Ni—P-B alloys. Composition axis mod-
ified to include Fe, Ni, and P in DRPHS net-
work. Solid -line proportional to calculated
composition dependence for (Ka) Fe < (IC~)p or
(X5)N i.

for (Fe~Nil~~ ) 8oB2o the curves and data points are
much closer together than the fit to the uncorrected
compo.ition dependence from pair theory. (8) For
(F.vNil_y ) 80P1486 the pair theory analysis does not
work at all. (9)

• SUII4ARY AND CONCLUSIONS

• 1. Magnetic annealing effects in amorphous alloys
can be accounted for by the selective replacement of
single atoms in the DRPHS structure, in such a way as
to bias the initially random distribution of atomic
local anisotropie s.

2. The composition dependence predicted by this
model agrees well with results on Fe—Ni-B end Fe-Ni-P-B
amorphous alloys without modification for tendencies
toward clustering or compound formation .

3. Magnetic annealing effects in Fe-only alloys
are easily explained if Fe, Ni , and P atoms are con-
sidered to occupy DRPHS sites, with B in the inter-
stices. The large magnetic annealing effects observed
in Fe—P-B alloys compared to Fe—B alloys are due to the
rearrangement of P atoms in the DRPHS structure .
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