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INTRODUCTION

The magnetic properties of amorphous iron based alloys have
been found to have characteristics extremely desirable for low
magnetic loss electromagnetic devices. In this technical
report, the magnetic properties of amorphous alloys consisting
of combinations of transition metals (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 applied to
the material after fabrication by melt spinning. The collection
of papers making up this report will deal with the effect of
nickel as an alloying replacement for pure iron, and the effect
of magnetic ageing in (Fe,Ni)gpBag alloys. At the other
end, metalloid alloying of cargon and phosphorous for boron also
has a strong effect on the properties of these alloys. 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 is a vital concern in consideration of the range
of applicability of amorphous metals in electromagnetic devices.

Because of the unique magnetic properties of amorphous
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 Fe,oNi4oB2o

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

The kinetics of the reorientation of the
induced anisotropy in stress free amorphous
Fe4oNigoB2o have been studied from 180 to
260 °C and compared with the previous study
on Fe‘oNi4oPl4Bs. The Fe-Ni-B alloy is con-
siderably more stable, but it exhibits a con-
tinuous distribution of time constants and
activation energies (0.7 - 1.7 eV) by contrast
to the single value of 1.4 eV found for the
Fe—Ni-P-B alloy. These results suggest that
the local atomic environments involved in
directional ordering of the Fe-Ni-P-B alloy
are more uniform than in the Fe-Ni-B alloy.
An alternative description of the results is
presented based on the observation that the
reorientation of the anisotropy closely follows
the equation for second order kinetics.

INTRODUCTION

In a previous paper [1] we reported the
kinetics of reorientation of the induced ani-
sotropy in amorphous Fe4oNigoP;4Bg. Simple
first order kinetics were observed, suggesting
that only a single, well-defined process was
involved. This result was unusual and not
found in thin films or bulk alloys of Ni-Fe.
The reorientation kinetics were completely
reversible after the samples were stress relieved
and after the first few cycles of magnetic
annealing [1]. The activation energy, AE, was
1.4 eV, and the pre-exponential constant, v,
was 10! s7!, These values of AE and v, fall
between the extremes found in crystalline
Ni-Fe alloys for pair ordering controlled by
excess vacancies, where AE =~ 0.8 eV, and vy
~ 10* 571, and pair ordering controlled by
self-diffusion, where AE ~ 2.4 eV and vg =

1013 57!, Thus, it was concluded that the
amorphous Fe4oNi4oP14Bs alloy contained
voids or structural defects which partly con-
trolled the pair reorientation process. These
structural defects must be uniform enough

to provide a uniform environment for the
atom rearrangements. Berry and Pritchet [2]
recently confirmed the activation energy for
the Fe,oNigoP14Bg alloy, and further reported
that AE = 1.0 eV for the magnetic annealing
of Feq5P15C10. We calculated vo = 2.6 X 108
s! for a linear fit to their data on Fe;5P,5Cyo.
They further reported that the activation
energies from internal friction measurements,
AE,, reflecting a stress-induced directional
ordering, were about twice as large as for
magnetic ordering. For Fe,oNigoP14Bg, AE; =
2.6 eV, and for Fe,5P,5Cy0o, AE; = 2.2 V.
They thus concluded that different atomic
motions occur during magnetic ordering,
compared with stress induced ordering, and
suggested that because of the lower AE for
magnetic ordering it was likely that the
metalloid atoms are involved in magnetic
ordering and not in stress induced ordering.

We have recently [3] studied the magnitude
of the induced anisotropy, K,,, in Fe,Nigq_,Bao
amorphous alloys as a function of alloy com-
position, x, and anneal temperature. The re-
sults are interpreted as showing clear evidence
for pair ordering but with a contribution of
about 25% arising from what might be order-
ing involving the glass-forming atoms. This
supports the suggestion of Berry and Pritchet
discussed above.

In this paper we report on the kinetics of
magnetic ordering in the Fe oNi oBzo amor-
phous alloy in order to help clarify the order-
ing mechanisms in amorphous alloys and to
provide data on magnetic stability of amor-
phous alloys.
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Fig. 1. Change in ratio of remanence to saturation on
isothermal annealing in a circumferential field at dif-
ferent temperatures, after a preliminary anneal in a
transverse field. Open symbols for measurements at
the anneal temperature; solid symbols for measure-
ments at room temperature.

METHODS AND RESULTS

Amorphous alloy ribbon with the nominal
composition Fe,oNiqoB;o was prepared by
quenching a stream of the molten alloy on the
surface of a spinning drum [4] . The ribbon
was ~25 um thick and ~2 mm wide. A toroid
was prepared, as described previously [1],
and stress relieved by heating for 2 h at 325 °C.
To start each isothermal annealing run, a
{ransverse anisotropy was induced by heating
for 2 h at 290 °C in a field of 3500 Oe per-
pendicular to the plane of the toroid. The
kinetics of the reorientation of the induced
anisotropy, from the transverse to the circum-
ferential direction, was followed by annealing
in a circumferential field, H,|, of 4.5 Oe. D.C.
hysteresis loops were measured as previously
described [1]. Changes in the remanence-to-
saturation magnetization are shown in Fig. 1.
Most measurements were made at the anneal
temperature (open symbols) but occasionally
samples were quenched to room temperature
and measured (solid points). The results at
the two measurement temperatures did not
differ significantly in this alloy.

As developed in the previous work [1] on
amorphous Fe (NiyoP;4Bg, for simple first
order kinetics, we expect

In((M.— M)/(M.. —Myg)} = —t/r, (1)

assuming that the change in M,/M, is propor-
tional to the change in magnitude of K, in the
circumferential direction. We define M = M,/
M,; M., as the final value at ¢ = « after anneal-
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Fig. 2. Relative change in remanence-to-saturation
ratio as a function of time on isothermal annealing
in a circumferential field at different temperatures.

ing in a parallel field; M,, as the initial value;
7 = 1/v is the time constant; and ¢ is the an-
neal time. The values of M.. were determined
by measurements as a function of temperature
after the parallel field annealing at 258 °C.
M. was found to be independent of temper-
ature from room temperature to 258 °C and
was 0.76.

Replotting the results of Fig. 1 in terms
of eqn. (1) gives the results shown in Fig. 2.
The obvious curvature at each anneal temper-
ature indicates a spectrum of time constants.
This is by contrast to the results [1] for the
very similar Fe,(NiyoP;4Bg amorphous alloy
which showed a single time constant. As an
approximate treatment, rather than determin-
ing the complete distribution of 7’s, we have
measured the slopes of these curves at selected
values of (M. — M)/(M.. — My) = R where
1 — R is the fraction of the process completed.
These results are shown in Fig. 3 on an
Arrhenius plot, by the open symbols. They
show a range of slopes, and therefore a range
of activation energies and a range of values
of 79 = 1/vy defined by

]n(T/To) - —ln(V/Vo) =AE/RT. (2)

For comparison, in the same figure, are
shown the results on amorphous Fe,qNi oP;4Bg
reported by both Luborsky [1] and by Berry
and Pritchet [2] ; amorphous Fe,sP;5Cyo [2];
and crystalline Fe~Ni alloys in both the
quenched [5] and fully annealed state [5 - 8].
It is noteworthy that the time constants for
the amorphous Fe~Ni-B are much larger
than for the Fe-Ni-B-P alloys; that is, they
are more stable towards magnetic reorientation.
This suggests a denser atomic packing in the
alloy without phosphorus. It is possible that
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Fig. 3. Time constants at different fractions of com-

pletion of the reorientation for Fe4oNigoB3q. Previ-

ously reported results for amorphous alloys are given

by solid curves: O, Luborsky; ®,  Berry and Pritchet.

Previously reported results for various crystalline

Ni Fe alloys given by non-solid lines: - - - 40Fe-60Ni;

..... 15Fe--85Ni, Ferro et al.; —--—-20-50Fe-Ni,

Ferguson; ---~:-16Fe-84Ni, Lutes et al.; ——e - —-020Fe--

20Ni- 60Co, Bozorth et al.

the greater magnetic stability of the phospho-
rus-free alloy is related to its recently reported
greater thermal stability [9]. It was shown
[10] that phosphorus segregates at anneal
temperatures as low as 100 °C, leading to
embrittlement in the FeoNi oP;4Bg amor-
phous alloys. However, there is no evidence
of crystallization occurring. Replacement of
the P by B was then shown [9] substantially
to improve the thermal stability. We now sug-
gest that the annealing of the P-containing
alloys must result in a more uniform structure
in respect of the rearrangements associated
with directional order. The more uniform
structure may be the result of the structural
relaxation perhaps promoted by the P diffu-
sion. In the case of the P-free alloys, their
greater thermal stability suggests that they
have retained the greater degree of structural
disorder produced in the original quenching.
Thus, the atomic environments involved in
the directional ordering show a larger hetero-
geneity.

The activation energies and pre-exponential
constants as a function of the fraction of the
process completed are shown in Fig. 4 and
compared with the amorphous Fe,oNi,oP;,Bg
[1]. It is interesting that portions of the pro-
cess show both lower and higher activation
energies than the Fe-Ni-P-B alloy.
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Fig. 4. Activation energy and pre-exponential con-
stant as a function of the fraction of the reorientation
completed. Solid line for Fe4gNiqgBgg, dashed line

for F840Ni4oP14Bs .

As in our previous work [1] we also de-
termined K, from measurements of the area
between the initial magnetization curve and
magnetization curves taken at various times.
These changes showed essentially the same
relative values as those in Fig. 2 derived from
M, /M, but with much more scatter in the
results. The deviation from linearity was still
unmistakable.

In the above analysis we viewed the atomic
rearrangements during directional reordering
as involving only one species with a spectrum
of environments resulting in first order kinet-
ics necessarily associated with a spectrum of
time constants. We consider now a simple
alternate view; namely, an atomic rearrange-
ment involving two species, i.e., second order
kinetics. Writing in terms of the magnetiza-
tion as before, and assuming the two species
are at equal concentrations,

d(M — M,)/dt = vy (M= — M)?, (3)

and integrating

(Mw —Mo)/(Me —M) =vy(Meo — M)t + 1.
(4)

Thus, plots of (M. — My)/(M.. — M) vs. t
should be linear if the process follows eqn.
(4). The intercepts should be 1.0 and the
slopes should be v5 (M. — M;). The slopes
should vary with temperature mostly due to
the dependence of v, on temperature, since
M. — M, is constant and equal to 0.605,
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Fig. 5. The inverse of the relative change in remanence-

to-saturation ratio as a function of time on isothermal
annealing in a circumferential field at different tem-
peratures. The initial portion of the curves is enlarg-
ed in the inset.
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Fig. 6. Time constants for second order kinetics as
a function of inverse temperature.

with a maximum variation of +0.035. Figure
5 shows the results plotted in this way. The
fit is perhaps surprisingly good. The time con-
stants, 74, calculated from these slopes using
the individual values of M.. — M, are shown
in Fig. 6 on Arrhenius-type plot. The activa-
tion energy AE; =1.35eV and 73 ¢ = 3.8 X
10 5 (v5,0 = 2.6 X 10° s71). It is not clear
how these results should be interpreted. They
suggest, perhaps, that the reordering involves
the simultaneous motion of two iron or nickel
atoms, or a boron atom and an iron or nickel
atom.

CONCLUSIONS

Amorphous Fe oNiy By responds to
magnetic annealing much more slowly than
amorphous Fe4oNisoP;4Bg. Assuming that
the same species are involved in the reorder-
ing, this suggests a denser atomic packing in
the B alloy than in the P alloy. The amor-
phous Fe-Ni-B alloy follows kinetics describ-
ed either as first order, with a distribution of
time constants and activation energies, or as
a second order reaction with a single time
constant and activation energy. This is by
contrast with the Fe-Ni-P-B alloy which
exhibited first order kinetics with a single
time constant and activation energy. This
difference between the phosphorous-free and
the P, B-containing alloys is attributed to
the atomic uniformity in the reordering en-
vironment resulting from the segregation of
P. The second order kinetics observed for
the reordering of the Fe-Ni-B alloy suggests
that two atoms may be involved in the re-
ordering.
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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 iaclude not only the room
temperature magnetic properties but also the temperature coeffi-
clents 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 that 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 soft 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
time of introduction of any new material.

Previous reviews [2-5]) of amorphous alloys as soft 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 properties in terms of their
theoretical behavior.

In the following sections, rather, we shall summarize 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 SOFT MATERIALS

Table I summarizes the properties and trade names of many of
the alloys currently in use. Details follow here.
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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. 1In 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-
sistivity 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 ym, 50 ym, or 100 pym thick-
nesses, with 125 ym material available in many core sizes. The
chemical composition is similar to that of both Square Permalloy
and Supermalloy. This material, 4~79 Mo-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 ym, 50 um, and 100 um 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 Mo-Permalloy. The higher squareness ratio
(Br/Bm) is obtaiued by special processing.




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 ym, 50 pm, or 100 um 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 um thickness
only, a fact tending to restrict usage to the lower audio frequency
range.

Silectron is a grain-oriented alloy with 3% silicon, balance
iron. For tape core uses, it is available in cores wound from 25 um,
50 ym, 100 um, or 305 um 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 that 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 um 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 kHz 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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Fig. 3 Typical loss vs induction characteristics at 50 kEz for com-
mercial alloys at 25 um (light lines) and 50 ym (heavy lines). Loss
of amorphous alloys 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 Fig. 5 for 300 um
thickness. The recently improved variety, "Orientcore Hi-B" (7],
is also shown for 305 um thickness, labeled "Hi-B" in the figure.
In Fig. 6 we show these typical characteristics at 6C Hz for a va-
riety of thicknesses in more detail. These characteristics will
now be compared to the available data on amorphous alloys.

THE AMORPHOUS ALLOYS
Preparation and Testing

The amorphous alloy ribbones 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 commercial alloys. Amorphous alloys in this
work measured at AB = 100G; A, O at 45G; commercial 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, Mg, at room temperature, from very low values to a max-
imum (so far reported) of 16,500 G [12], which approaches the value
of Fe-3.2 S1i of 20,300 G. 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 lower than those
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of the Fe-Co and Fe-Si alloys. Coercive forces and loop squarenesses
measured on toroidal specimens have been equivalent to the best
values found in their cousins, the Fe-Ni crystalline alloys [9, 10].
It is not surprising, then, that the losses and permeabilites 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
1literature (9, 10, 12, 14-19] and from the present work, all for
stress-relieved toroids, are summarized in Table II at a fixed drive
flux, By. Some of these are shown in Fig, 7 as a function of By and
at various frequencies. The characteristics of these alloys 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 FeggB2( 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 FegpByp 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 costs. 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 (v25%) 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 um 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 um 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 properties. 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
Fe5C070S15B10, 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-cast 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, Kg. Assuming that the internal
strains were all about the same for the toroids prepared in this
work, we expect, then, that the losses in the as-wound toroid would
be some function of both the magnetostriction and the tape thick-
ness— that is, W = £ (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 decrease with increase in magneto-
striction. This also is observed but with considerable scatter, as
shown in Fig. 9. After fully stress-relieving the toroid, we expect
Kg = 0 and, thus, the losses should be independent of A-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%Z— 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. Although 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 Hg, where x 18 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 from the literature[19,23-26]
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Fig. 8 Loss as a function of the product of magnetostriction and
thickness for as-wound and annealed toroids. Toroids all wound, an-
nealed, and tested in this work. Ribbons prepared in this work, open
symbols; ribbons prepared by Allied Chemical Co., slashed symbols.
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Fig. 9 Ratio of loss after anneal to before anneal vs magnetostric-

tion times ribbon thickness. Ratio obtained by averaging ratio at
60 Hz, 1 kHz, 10 kHz, and 50 kHz.
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and from our own work [27] is summarized 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 1imit their life. The data define the maximum fabrication
and operating time-temperature exposures. For example, we see that
the FegyBy, 1s the least stable of the alloys discussed as candidates
for appgication. 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 cryatallizatioﬁ’as a function of
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during operation. K, then rotates with time from its original ori-
entation into the direction of M. We have studied this reorientation
kinetics for two of the amorphous alloys: Fe,gNi4oP14Bg and
Fe4oNi40B20. 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 Fe4gNi,oP;,3¢ (METGLAS ®
2826) time constants are short enough to make the stability of any
application of this alloy very suspect. However, the phosphorus-free
alloy has a sufficiently long time constant for any foreseeable appli-
cation. ' But in most applications 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 magnetostriction. 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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surface polishing. The higher resisitivity of the amorphous alloys
should result in less deterioration in characteristics 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 FegyByp, 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 FegoByg 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

The beginning of crystallization was deter-
mined as a function of time and temperature
for amorphous alloys of Fe,NizoP,4Bs,
Fe4oNigoB3o, and FegoB,q. Both calorimetric
and magnetic methods were used. The onset
of crystallization was found to be a thermally
activated process; the activation energies AE
for the three alloys were 3.9 eV, 3.0 eV and
2.1 eV, respectively. These results, and all
results available from the literature, show that
AE increases with increase in the number of
atomic species in the amorphous alloy. AE
also increases with the increase in the differ-
ence between the temperature for the onset
of crystallization and the glass temperature,
T, — T, both determined from scanning
calorimetry. The FegoB,, alloy was the least
stable of the three alloys. Its projected life at
200 °C is 25 years, adequate for many, but
not all magnetic applications. The temperature
for the beginning of crystallization, from 2
h anneals, was also determined for amorphous
alloys in the series Fe,Nigg_,P,,Bg,

FeyNigo- szo and Fe4oNi‘oP20~zBl- These
results are consistent with the structural relax-
ation model.

INTRODUCTION

Ferromagnetic metallic glasses have been
shown to develop interesting soft magnetic
characteristics [1 - 4] . As these are potentially
useful materials, information must be obtain-
ed to define their lifetimes. In this paper we
define the end-of-life as the irreversible onset
of crystallization. It has been reported that

at temperatures well below the crystallization

temperature, irreversible effects partly associat-
ed with structural relaxations [5] will occur,

for example, stress relief {2, 6] and diffusion
[7, 8]. In addition, reversible magnetic an-
nealing effects occur [2, 9 - 11]. In order to
develop optimum magnetic properties after
fabrication, samples are normally annealed
to relieve stress and to induce the desired
directional order anisotropy, K, . The stress
relief and the directional ordering occur in
the amorphous alloys of interest for applica-
tions at temperatures and times well below
crystallization. After the onset of crystalliza-
tion the magnetic properties deteriorate
catastrophically.

Some results for the time-temperature
dependence of the onset of crystallization in
magnetic amorphous alloys have been report-
ed [12 - 15]. These are summarized in Fig. 1
by the solid lines. Extrapolations to lower
temperatures are uncertain, as shown by the
change in slope of the curves for Co-Si-B
and Ni-Si-B. This occurs because of the
different crystal phases produced in some
alloys annealed at different temperatures
[15]. Thus, it is important to study the onset
of crystallization at temperatures as low as
is practical. Studies of the microstructures
which form at the beginning of crystallization
will be published [16].

The thermal stability of glasses is often
measured as the difference between the tem-
perature for the onset of crystallization and
the glass temperature, T, — T,, as obtained
from differential scanning calorimetry. This
measure of stability has been correlated with
viscosity [17, 18] as the rate controlling fac-
tor, but since the activation energy for crystal-
lization changes with the phases formed, this
cannot be entirely valid. The stability was
also correlated experimentally [12] with the
activation energy for crystallization, AE, in
Fe-Ni-Co-P-B-Al alloys near T,. This cor-
relation was discussed in terms of the struc-
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Fig. 1. Time for the start of crystallization as a func-
tion of temperature for amorphous alloys reported in
the literature (solid curves) compared with the amor-
phous alloys reported in this work (broken lines with
data points). References are shown in brackets.

tural relaxation model [19]. Calculated val-
ues of AE were in reasonable agreement with
experimental results. It was concluded that
the spread in AE simply reflects the stability
of the glass; the higher the T, and the more
stable the glass the higher is AE. It is the struc-
tural relaxation which results in high AE for
stable glasses.

In this paper, we will report on the time—
temperature characteristics of the onset of
crystallization in three amorphous alloys;
Fe4oNigoP14Bg, FeyoNigoBgo and FeggBgo.

EXPERIMENTAL

The amorphous alloy ribbons. were prepared
by quenching a molten stream onto a rapidly
moving surface [20]; the Fe oNigoB3yo was
prepared in our laboratory; the FegoNigoP;14Bg
and the FegoB,, were purchased from Allied
Chemical Corp. as Metglas® 2826 and 2605.

Two methods were used to determine the
onset of crystallization; magnetic and calo-
rimetric. The calorimetric method was useful
only near T, while the magnetic method was
useful at lower temperatures. In the magnetic
method, a 10 cm long sample was sealed
under vacuum and heated either isothermally
or isochronally. The coercive force, H,, and
magnetization in a given field, My, were de-
termined from an integrating fluxmeter [2].
Typical curves for the Fe-Ni-P-B alloy are

FeqoNigoPieBs

102 10 10* 10
TIME, min

Fig. 2. Change in coercive force on isothermal anneal-
ing of amorphous Fe4oNigoP14Bg-

TiMe, min

Fig. 3. Change in magnetization in 10 Oe field on
isothermal annealing of amorphous Fe4oNigoP14Bg-

shown in Figs. 2 and 3. The H, values are
normalized to their minimum value H, ,,
corresponding to the properties of the stress-
relieved sample. The sharp increase in H,

and decrease in My are associated with
crystallization. Below this sharp change in
magnetic properties: (1) transmission electron
micrographs show no evidence for crystalliza-
tion; (2) the heat of crystallization, AH,
shows no change as determined from scanning
calorimetry at a heating rate of 40 °C/min,
and (3) the X-ray diffraction pattern shows
no change in position or width of the diffuse
peaks. Above this change in magnetic prop-
erties, these three techniques all show evi-
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Fig. 4. Typical exotherms from the differential scanning calorimeter on holding Fe4oNi oP14Bg at various tem-

peratures.

dence of crystallization beginning. The onset
of crystallization was determined by extrapo-
lating back to H./H, , = 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./H, , curves.
However, curves of M, /Mg, indicated the
onset of crystallization earlier than the
M,y/Mgo curves, and at about the same times
as the H./H, , curves, but showed considerably
more scatter.

At higher temperatures and shorter times
the differential scanning calorimeter (Perkin
Elmer DSC-1B) was used. The temperature
scale was calibrated using the melting point
of indium. Samples were heated at ~160 °C/
min to 20 °C below the desired temperature,
then heated at a slower rate of 40 °C/min, to
prevent overshoot, to the desired isothermal
anneal temperature, and then held. Typical
isothermal exotherms are shown in Fig. 4.
The time for the onset of crystallization at
each temperature is indicated by the arrow.

RESULTS AND DISCUSSION

The time to initiate crystallization as a
function of the reciprocal of the absolute
temperature is shown in Figs. 5 - 7 for the
three alloys studied in this work. These re-
sults are also plotted in Fig. 1 for comparison

TEMPERATURE, °C
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Fig. 5. Time for the start of crystallization as a func-
tion of temperature for Fe4gNigoP14Bg. Open points
determined from the change in coercive force,
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.

with other alloys reported in the literature.
The results of the magnetic and calorimetric
techniques, open and slashed symbols, respec-
tively, are consistent with each other. The
onset of crystallization for all three alloys
can be described by an Arrhenius type
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equation for a thermally activated process,
T =1, exp (AE/kT) (1)

with the constant, 7, and the activation ener-
&Y, AE, given in the Figures. There is no evi-
"dence for a significant break or change in
slope of the curves as shown in Fig. 1 for
Co-Si-B and Ni-Si-B.

It is interesting to note that in the three
alloys studied, AE increases with increase in
the number of atomic species in the alloy.
This trend is further confirmed, approximately,
by the results from the literature (Fig. 1).
The values of AE are listed in Table 1 in
order of decreasing magnitude. This gross
correlation with number of atomic species
must be modified by the specific effect of
different atomic species and their concentra-
tion. For example, Coleman [12] showed
trends in crystallization temperature and
AE for varying phosphorus and for varying
transition metal concentrations in (Fe, Co,
Ni)-P-B-Al amorphous alloys. Values of
AE reported varied from about 2.8 eV to
6.7 eV. As mentioned in the introduction,
the values of AE should decrease with de-
creasing T, — T,. This appears to be so
except for the first alloy listed in Table 1.

Further results were obtained on the series
of Fe—Ni—P-B alloys as shown in Figs. 8 - 11.
The temperatures for the peak in the crystal-
lization exotherm, T, ,, the temperature for
the onset of the crystallization exotherm,

Ty, the glass temperature, T,, and the heats

of crystallization, A H, were all obtained

using the DSC at 40 °C/min. The temperatures
for the onset of crystallization from 2 h
isochronal exposures, T, (2 h), were obtained
from the magnetic measurements. It appears
that T, (2 h) is proportional to T, — T, but
the changes with composition are not much
greater than the experimental error.

SUMMARY AND CONCLUSIONS

The onset of crystallization has been deter-
mined as a function of time and temperature
for three amorphous alloys; Fe,oNigoP,4Bg,
Fe4oNigoB2o and FegoBjo. In addition, the
temperature for the onset of crystallization
after a two hour anneal has been determined
for three series of alloys: Fe,Nigg_,P;4Bg,
Fe,Ni,o w szov and Fe4oNi4oP20 _,B,. All
of these results have been compared with
results reported in the literature for other

- alloys. An experimental correlation is observ-

ed showing that the activation energy for
the initiation of crystallization increases
with the number of different atomic species

" in the amorphous alloy. The thermal stability,

as measured by AE or T, (2 h), appears to be

a_a

e —— e
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TABLE 1
Activation energy for crystallization of various amorphous alloys
Alloy Ref AE Te P Ty
(evV) (°C) (“C)
Niy5P16BgAl3 12 6.5 417 10
F945C030P1386A13 12 5.5 456 16
Fe‘oNi‘opl‘Be b 3.9 405 9
Fl‘goPlaC'] 14, 15 3.1 - .
2.4*
FE4oNi4oBgo b 3.0 442 9
CO-] 5Si158,0 15 2.8 =r ™
1.6*
Feg(B2g b 2.1 441 7
Ni5SigBj7 15 2.0 - -
2.0*
Nig3zP17 13 2.0
Nig4Pi6 13 1.9
NigyP1s 13 1.6
*The low temperature activation energy.
**This work.
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Fig. 8. Temperature for the peak in the crystallization
exotherm T, .., the beginning of the crystallization
exotherm Ty, and the glass temperature T, for
amorphous alloys of Fe-Ni-P-B. Ty, and T, obtain-
ed from scanning at 40 “C/min. Ty (2 h) obtained
from mg,znetic tests after 2 h isochronal anneals.
Metglas™ alloy indicated by solid symbols.
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Fig. 10. Temperature for the start of crystallization
for Fe-Ni-P-B alloys as a function of boron con-
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anneals. s,

y = ATOMIC PERCENT IRON
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proportional to T, — T, as expected. The
Fe-B amorphous alloy was the least stable

of the three alloys studied. It has a projected
life of 25 years at 200 °C; adequate for many,
but not all, magnetic applications.
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SUMMARY

The ductile-brittle transition temperature
for a number of amorphous transition metal-
metalloid alloys was determined and related
to composition. It was found that the em-
brittlement temperature decreased rapidly
with the addition of phosphorus to the
alloys. The magnetic moment of the (Fe, Ni)
(P, B) alloys was obtained from saturation
flux density measurements and related to
embrittlement temperature. The results indi-
cate that embrittlement in the alloys with
phosphorus is caused by segregation of the
phosphorus and is not related to filling of
the d-shells of the iron atoms nor to the
number of elements in the alloy.

INTRODUCTION

Many Fe- and Co-based amorphous alloys,
though ductile** as formed, become brittle
when annealed at temperatures well below the
crystallization temperature [1 - 4]. Chen [1]
concluded that incomplete filling of the

* d-shell of the iron and cobalt atoms of the

amorphous alloys results in alloys with higher
resistance to shear deformation and, there-
fore, brittle behavior. Increasing the number
of electrons in the d-shells of the transition
metals should, under this hypothesis, improve
ductility. Based on a phase separation argu-
ment, Chen predicted that binary amorphous
alloys, such as Fe,P and Fe,B would be less

*This work was partially supported by the Office of
Naval Research.
**An alloy is considered to be ductile if it plastically
deforms by shear in bending and does not fracture
when bent double.

susceptible to embrittlement upon annealing
than would ternary amorphous alloys.

An alternative cause for embrittlement has
been ascribed to segregation of phosphorus in
Fe-Ni-P-B alloys [2, 3, 5]. The presence of
discrete regions (less than 60 A dia.) of high
phosphorus concentration in samples of the
amorphous alloy Fey,Ni oP;4Bg, annealed at
100 °C, was shown by Auger analysis [2].
The number of scattering regions (presumed
to be the regions of high phosphorus concen-
tration) as observed by small angle X-ray
scattering measurements was found to in-
crease three-fold from the as-quenched con-
dition to the annealed condition [5].
Removal of the phosphorus from the Fe-Ni
alloy resulted in a marked increase in the
embrittlement temperature [3]. In addition,
the intensity of small-angle scattering did not
change upon annealing the phosphorus-free
alloy, lending credence to the idea that
segregation of phosphorus is the cause of
embrittlement in these alloys.

Measurements of magnetic properties of a
number of Fe-Ni alloys with boron and
phosphorus have been made [8]. From these
data one may obtain the magnetic moment
of the transition metal atoms. This moment
is related to the number of electrons in the
d-shell of the iron atoms; the greater the
number of electrons supplied by the metalloid
atoms, the lower the magnetic moment. Thus,
one may test the prediction that embrittle-
ment of the amorphous alloys is related to the
filling of the d-shell of the iron atoms [1].

EXPERIMENTAL
The amorphous alloys FegNigPs,

FeyNigpBg, and FeNigoPy4Bg were pre-
pared in the form of ribbon approximately

———— et
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0.0025 cm thick by 0.13 ¢m wide by
directing a stream of molten alloy onto the
surface of a rapidly revolving drum. The
cooling rate was sufficiently high to produce
amorphous material, as confirmed by X-ray
diffraction, differential scanning calorimetry,
and by their magnetic and mechanical proper-
ties. Also, to test the prediction that ternary
amorphous alloys would be more prone to
embrittlement than would binary alloys, the
compositions FegoByy, FegaB7, FegyB 5Si,
and FegysB,5Po5 were also prepared in
ribbon form and tested for their tendency to
embrittle upon annealing. The degree of duc-
tility was determined by measuring the radius
of curvature at which fracture occurred in a
simple bend test between parallel plates [3].
The strain required for fracture, A, =
t/(2r; —t), where r¢ is the separation of the
plates at fracture and ¢ is the thickness of the
ribbon specimen. Thus, A\ = 1 when r = ¢
and the sample has not fractured. Yield strain,
\,, was obtained from the value of r at which
plastic deformation was first observed.

The samples were annealed in purified
nitrogen for two hours at each temperature.
The crystallization temperature was taken as
that temperature, for the 2 h anneal, at which
the coercive force abruptly increased [6].
This temperature may differ from the crystal-
lization temperature obtained by differential
scanning calorimetry since the heating rates
and hold times at temperature will be differ-
ent. Saturation magnetization and Curie tem-
perature were obtained by conventional
induction techniques (8, 9].

Fig. 1. Plot of strain required for fracture, A, as a
function of anneal temperature for the (Fe Ni)(P,B)
amorphous alloys. No fracture at A¢ = 1.
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Fig. 2. Embrittlement temperature, Ty, crystalliza-
tion temperature, T, and magnetic moment, u, in
(Fe,Ni) (P,B) alloys as a function of Pand B content.
See refs. 6 and 8 for additional data on T, and p.

RESULTS

Figure 1 is the plot of relative strain to
fracture as a function of anneal temperature
for the three Fe-Ni amorphous alloys. The
temperature for the initiation of crystalliza-
tion is marked by an asterisk on each curve.
The temperature at which embrittlement
occurs, Ty, is indicated by the rapid drop
in ;. The values of T},, atomic moment,
u, and T,, the temperature for initiation of
crystallization, are displayed in Fig. 2, and
these and other pertinent data are listed in
Table 1.

It is clear that the alloys containing phos-
phorus have a much lower embrittlement
temperature than does the alloy Fe4oNisoBgg.
For the same alloys, the magnetic moment
per transition metal atom, u, decreases with
increasing phosphorus content (Table 1 and
Fig. 2). Thus, phosphorus supplies more elec-
trons to the d-shells of the Fe atoms than
does boron. In Fig. 3 the values of A\, for the
four Fe-B amorphous alloys are plotted
against annealing temperature. Among these
alloys, the ternary alloy FegyB,5Si has the
highest T, (295 °C — see Table 1) and the
ternary alloy Feg, 5B15Po s has the lowest T,
(245 °C). The value of T}, for the binary Fe-B
alloys is between the values of Ty, for the
ternary alloys. Again, the temperature for
initiation of crystallization in a 2 h anneal is
given by asterisks on the curves in Fig. 3 and
Table 1.
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TABLE 1

Properties of the amorphous alloys
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Alloy Yield (2 h anneals) M M Ty Reference

strain T T at R.T. at 0 K (°C)

b X

(Ay) “0) C) (kG) (B/T M atom)
Feg4oNigoPag 0.017 160 + 10 335 6.8 1.08 207
Fe4oNigoP14Bg 0.018 <100 352 7.9 1.23 255
Fe40Ni40Pl4BG - 142 + 15 ux == - s 7
Fe4oNi‘0820 0.018 240+ 5 358 10.4 1.31 396
Fes4.5315P0.5 0.022 245+ 5 303 15.4 - =
FegqB15Si 0.022 295+ 5 304 15.4 = z
FegyB17 E 275+ 5 315 15.9 = 349
FeggBag 0.021 273+ 5 343 16.1 1.98 397
FEGOBQO = 230+ 5 = = = = 7

Ty = Temperature for initiation of crystallization in 2 h anneal.

Mg = Saturation flux density.

M = Atomic moment per transition metal atom in Bohr magnetons.

T, = Curie temperature.

10

M

Ko %0
NSEAL TEMPERATURE, T
Fig. 3. Plot of A¢ us. anneal temperature for Fe-base

alloys. * indicates temperature for beginning of crys-
tallization. &

DISCUSSION

It is clear that phosphorus has a marked
effect upon the embrittlement temperature
of the amorphous alloys, whether they are
binary alloys such as FeNigPyg or ternary
alloys such as Fe“)Ni‘opl‘Be or Feu.sBlbpo_g.
The effect does not appear to be related to
filling of the d-shells of the iron atoms. This
conclusion is based on the fact that the Bohr
magnetons per transition metal atom de-
crease with increasing phosphorus content.
It follows, then, that phosphorus supplies
more electrons to the d-shells of the iron
atoms than does boron. Yet, the phosphorus-
containing alloys are much more susceptible
to embrittlement than are the alloys without
phosphorus. It takes only a small amount of

phosphorus to lower T, below the value for
the binary alloys as is seen for the alloy
Fegq 5B15Po5. Thus, neither of the predictions
by Chen [1] appear to be fulfilled in all
respects in the case of amorphous alloys with
phosphorus.

Previous studies havé shown that phos-
phorus does segregate to form regions of high
phosphorus concentration in the alloy
FeyoNiyP14Bg [2, 5]. Such regions were
detected by Auger analysis on the fracture
surface of a sample of this alloy annealed at
temperatures of 100 °C or above and frac-
tured in situ in the analyzer. The presence of
regions of disparate composition which were
about 35 A in size was confirmed for an-
nealed and embrittled samples of this alloy by
small-angle X-ray scattering studies [5]. The
spacing of approximately 250 A for these
high phosphorus regions comprising only
1 - 2% of the volume of the annealed sample
is not commensurate with phase separation on
a fine scale, as suggested by Chen [10] asa
cause of embrittlement. Furthermore, small-
angle X-ray scattering studies of the annealed
alloy Fe4oNiyBg showed absolutely no in-
crease in the number of scattering regions on
annealing [11]. In the alloy Fe4oNigP;4Bg,
the number of scattering regions increase by a
factor of three for material annealed at 100 °C
compared with as-quenched material [5].

Since neither d-shell filling nor phase
separation appear to explain the greater
tendency toward embrittlement of the alloys
containing phosphorus, it is concluded that
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segregation of phosphorus into small, widely
separated regions is the responsible factor.

CONCLUSIONS

Alloys of Fe4Nig with boron and phos-
phorus, become brittle when heated to tem-
peratures well below their crystailization
temperature.

Of the binary Fe-B and ternary Fe-B-Si
and Fe-B -P alloys, the alloy Fegq5B,5Ps
has the lowest embrittlement temperature
while the alloy FegyB,5Si has the highest;
binary alloys are not inherently less brittle
than ternary alloys.

Alloys with phosphorus embrittle at a
much lower temperature than do alloys con-
taining only boron as the metalloid. Also,
the greater the amount of phosphorus, the
lower the embrittlement temperature.

The degree of embrittlement is not related
to filling of the d-shells of the iron atoms.

Embrittlement of these alloys is caused by
segregation of phosphorus to form discrete
regions of high phosphorus concentration.
These regions, being less ductile than the
matrix in which they reside, either act as
crack nucleation sites or provide a low duc-
tility path for a crack.
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ABSTRACT

Amorphous alloys have potential applications in all
types of magnetic devices, in both the electronic and
power areas of application. For electronic devices, the
properties are comparable to those of commercial alloys
and the materials offer potentially much lower cost.

In power applications such as transformers, losses are
far lower than in materials used at present. This-re-
sults in a potential favorable trade-off between first
cost and a substantial energy savings throughout the
life of the device. Although power applications have
not been emphasized up to now, they appear to hold great
promise, especially as wider amorphous tapes become
available.

INTRODUCTION

It is the purpose of this paper to discuss how and
to what extent amorphous alloys might be applied in all
types of magnetic devices, both electronic and power-
handling. Thus the magnetic properties available are
considered in the context of cost, fabricability, and
market structure.

AMORPHOUS MATERIALS

Preparation
The materials we are concerned with are those pre-

pared by rapid quenching of a stream of molten metal on

a rotating drum [1]. Other methods of preparation, such
as ‘vacuum deposition, electrodeposition, sputtering,
electroless deposition, and plasma spraying have been
used but do not yield as good properties as melt quenched
materials. They characteristically take the form of

long thin ribbons about 40 im thick or less and typically
1 mm wide. Wider ribbon is beginning to become avail-
able and will surely have a great impact on possible
applications. The composition is typically about TgoM2o
where T is one or more of the transition metals such as
Fe or NI and M is one or more of the glass-formers such
as B or P. K

Annealing
The magnetic properties are discussed in more de-

tail below but it should be indicated at the outset
that the best soft magnetic properties are invariably
developed by a stress-relief anneal at about 300°C.

The ribbon as quenched characteristically has a pattern
of residual stresses. The soft magnetic properties,
while good, are improved by annealing. However, this
procedure, although well below the crystallization tem-
perature, frequently embrittles the material enough to
make it difficult to handle. Properties reported below
for toroids were typically measured on samples that
were annealed in toroidal form. It may be that amor-
phous materials will have to be given a stress relief
anneal in the form of a finished core or device. This
may not be a severe limitation. Large transformer

cores are annealed at far higher temperatures in
present practice.

Stabilit
The magnetic and metallurgical stability has been

examined in some detail for some of these "morphous
alloys. The magnetic stability associated with the ro-
tation of the induced anisotropy [2,3] has been deter-
mined and although this rotation is rather fast in some
alloys it is sufficiently slow in the alloys of interest
for devices to be acceptable. Furthermore, in most ap-
plications rotation of the induced anisotropy will not
occur because the applied fields are along the easy
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axis. The ultimate end-of-1life associated with the
metallurgical changes caused by the beginning of crys-
tallization in these amorphous alloys has also been
examined [4-7). Extrapolations to conceivable opera-
ting temperatures also show that these alloys are suffi-
ciently stable to be used. For example, the least
stable alloy examined, FegoBjg, snould last for 25

years at 200°C before any detectable changes in magnet-
ic properties are observed.

Cost

Amorphous ribbons are inherently inexpensive to
produce. The starting material is simply melted with
no special precautions and squirted against the rota-
ting drum. The resulting ribbon, which forms at the
rate of typically 10’.m/m1n. is ready to make into the
device, requiring at most a single low-temperature
stress-relief anneal. This is in sharp contrast to the
materials with which the ribbons might compete, namely
Fe-Ni, Fe-Co, and Fe-Si tapes for electronic applica-
tions and oriented Fe-Si sheets for power applications.
All of these materials require very careful melting and
elaborate and costly schedules of rolling and annealing,
often with very precise control, to obtain the neces-
sary texture. Preparation of amorphous alloys is not
only simpler, less critical, and faster, but also re-
quires far less capital equipment. In the electronic
area, where the properties of amorphous materials are
comparable to those of presently used alloys, this cost
saving provides the major incentive for their use. In
the power area, their low losses compared to convention-
al material provide the major benefit.

APPLICATION POTENTIAL

Major Application Areas

These can be divided into two classes, electronic
and power-handling. Electronic includes applications
associated with small amounts of power and frequencies
usually above 60 Hz. There are many devices in this
category. A few examples are pulse transformers, cur-
rent sensors, and magnetic amplifiers.

Power applications include the handling of sub-
stantial amounts of power at line frequency. The dis-
tribution transformer is an example of such a device in
which the possibility of using amorphous material
should be given serious consideration. So are motors
of high duty cycle in which energy losses are important.

The materials used at present in electronic appli-

- cations, with which the amorphous materials would be

competing, are alloys based on Fe-Ni, Fe-Co, and Fe-Si,
prepared in the form of tapes. These applications do
not include microwave devices, in which metallic mater-
ials cannot be used.

In power applications, we anticipate that due to
loss considerations amorphous materials can be competi-
tive with oriented and possibly non-oriented silicon-
iron sheet. It is not likely that they can compete
with the low-cost low carbon steel now used in low-duty-
cycle low-efficiency devices such as household
appliance motors.

Market Size

The U.S. consumption of steel for use in transfor-
mer cores and motor stators and rotors is estimated at
1.29 x 10° kg (1.4 x 10°® tons) in 1976. This includes
oriented silicon steel, non-oriented silicon steei, and
low carbon steel. Table I shows the trend of the seven-
ties. The increase in oriented silicon steel is due to
the lower losses required in the marketplace in power
and distribution transformers. Emphasis on lowest,
first cost caused the switch from non-oriented silicon
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TABLE 1

U. S. CONSUMPTION OF STEEL FOR
TRANS FORMER CORES AND MOTORS

1970 1976
Grain oriented 230 x 10° 340 x 10° kg
silicon steel (250,000) (370,000) (tons)
Non-oriented 450 x 10° 340 x 10°
silicon steel (500,000) (370,000)
Low carbon 270 x 10°¢ 550 x 10°%
steel (300,000) (600,000)

steel to low-cost low carbon steel in small motors.
With the predicted high rate of increase of energy
costs, and legislation requiring higher efficiency in
electrical equipment, we anticipate a trend away from
the low-carbon steel and back to non-oriented silicon
steel. We also hope to see some replacement of orien-
ted silicon steel by amorphous metal as the properties
and processes improve.

APPLICATION IN ELECTRONIC DEVICES

Reviews of Properties

The magnetic properties of amorphous alloys have
been reviewed from a variety of viewpoints. ' Wright (8]
reviewed the properties, behavior, and understanding of
almost pure amorphous transition metal films. The
state of understanding of the origins and behavior of
ferromagnetism in amorphous metallic alloys was re-
viewed by Cargill [9], by Mizoguchi [10], by Tsuei [11],
by Hasegawa et al [12], by Alben et al [13], and by
Luborsky [14,15,16]). The properties of amorphous
alloys viewed as potential soft magnetic materials were
reviewed by Egami et al [17], Gyorgy et al [18], and
Luborsky et al [19,20]. The intrinsic magnetic proper-
ties of amorphous alloys of the transition metal-metal-
loid class are viewed now as being controlled by the
presence of the metalloid, necessary to preparing and
stabilizing the amorphous structure. The amorphous
arrangement of atoms has a relatively minor influence
on theae properties. The absence of long range order,
and therefore the averaging out of the crystal aniso-
tropy, results in low coercive force and low hysteresis
loss, characteristics which make these alloys interes-
ting as potential soft magnetic materials. The techni-
cal properties are thus controlled by the induced
anisotropy arising from atomic ordering and by strain-
magnetostriction interaction anisotropy.

Descriptions of Applications

Only a few papers have appeared dcucribing the
characteristics of devices using amorphous alloys. All
of these are electronic device applications. Magnetic
shields have been made [21] by weaving narrow ribbons
of the amorphous Fe,oNi4oP;,B; alloy. Shielding ratios
obtained with this woven fabric compared favorably to
equal weights of 80-20 Ni-Fe alloy sheet. Neither of
the alloys were annealed to improve their properties.
The amorphous shielding has the important advantage of
being flexible and less sensitive to mechanical strain.

An amorphous magnetic core multivibrator for ten-
sile-stress transducers has been reported [22]. Some
of the amorphous alloys are exceptionally well suited
for this type of application because of their good
mechanical properties and large stress sensitivity.

Electronically controllable delay lines and tun-
able resonator elements were described (23,24] made
from FeggP;3Cy) and Fe;gS1,0B,, amorphous ribbons.
Delay liuco are important components in radar, compu-
ter, and signal processing equipment. Their quunty is
determined by their magnetomechanical and AE behavior.
The amorphous ribbons have a remerkably large magneto-
mechanicsl coupling factor of more than 0.68 and a
gigantic AE/E of 1.9. These values are almost the same
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as for the very magnetostrictive rare earth-Fe, com-
pounds but only tens of Oersteds are required for the
amorphous alloys rather than kilo-Oersteds to obtain
the large AE/E.

A transversal filter, which is also essentially a
delay line, made from mmorphous alloys has also been
described [25]. These filters are the type used in
communication and telephone lines. The performance of
these filters also depends on the magnetomechanical
coupling and AE/E. Various transfer functions are ob~-
tained by varying the bias field.

Electronic current transformers have been made
[26) using Fe-3.2% Si, 4-79 Mo Permalloy, and amorphous
Fc‘ 140P B The performance, evaluated in terms of
linearity nng phase error, of the amorphous alloy was
significantly better than the Fe-Si but not quite as
good as the Permalloy. The lower cost expected for the
amorphous alloy may make it a useful material for this
application in competition with the Permalloy.

Application Considerations

Electronic device applications usually handle
small amounts of power at frequencies above 60 Hz.
Tape wound devices now in use include coupling trans-
formers, current transformers, magnetic amplifiers,
inverter and converter transformers, pulse transformers,
and switching devices. The tape cores in these devices
generally range in size from a few grams to a few kilo-
grams of material. A variety of alloys have been in
use for some years and are sold under many trade-names.
Each is used where its unique combination of proper-
ties and cost is best suited for the particular device
characteristics desired. The Ni-Fe alloys can be pro-
cessed to provide maximum permeability (Supermalloy,
4-79 Mo-Permalloy) or maximum hysteresis loop square-
ness (Square Permalloy, Deltamax). The Fe-Co alloys
provide the highest saturation magnetization (Supermen-
dur) while the Fe-Si tapes are the least expensive.
Typical physical and static magnetic properties are
shown in Table II. Their magnetic loss at 1 kHz and
maximum induction of 1000 G are shown in Fig. 1 as in-
dicated by the letters for each alloy. The loss depen-
dence on induction for these alloys has the same slope
as that shown for the amorphous alloys. The permeabil-
ities as a function of frequency are shown in Fig. 2.

Similar results have been accumulated for a variety
of amorphous alloy compositions as summarized in Table
III and Fig. 1.. Note that none of the amorphous alloys
has reached as high a saturation magnetization as is
available from Fe or Fe-3.2% Si alloys. Obtaining
higher saturation magnetizations in amorphous alloys
may be of great benefit in certain applications as will
be discussed in more detail in the next section. Sat-
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Fig. 1. Loss vs induction at various frequencies for
amorphous alloys. Some representative commez-
cial alloys are included for comparisom.
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Fig. 2. Typical "initial" impedance permeability vs
frequency for amorphous alloys and commerclal
alloys. Amorphous alloys in this work measured
at AB = 100G; A, [! at 45G; commercial alloys at
50G. Letters are defined in Table I11. Heavy
lines for commercial alloys are for 50 ym thick-
ness, light lines for 25 um thickness.

urations are limited by the quantity of metalloid

_needed to allow the formation of the amorphous phase

and by the effect of the metalloid on the band struc-
ture of the alloy [13,27]. The Curie temperatures of
the amorphous alloys are also generally lower than the
crystalline alloys for the same reasons but their val-
ues are sufficiently high that they pose no problem in
most applications. Zero magnetostrictive compositions
are obtainable in the amorphous alloys as in the crys-
talline alloya. However, the zero magnetostrictive
composition in the Fe-Ni system at about 82% Ni 1is non-
magnetic in the amorphous alloy, again because of the
necessary metalloids [28). It is interesting to note
that there is a good correlation between the magnitude
of the losses at any given frequency, as shown in Fig.
1, and the magnetostriction of the alloy (20].

The losses of the amorphous alloys shown in Fig. 1
and the permeabilities as a function of frequency shown
in Fig. 2 are reasonably competitive with the commer-
cial alloys. The lower frequency properties of the best
amorphous alloys are not as good as the best Ni-Fe
alloys. This may not be an intrinsic difference since

TABLE 11

no attempt has yet been made to remove the substantial
surface roughness present in the as-cast amorphous rib-
bons nor to determine if internal voids or other de-
fects 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 mag-
netization of some amorphous alloys are much higher
than for the crystalline Ni-Fe alloys.

The values of H, and M /M, for the amorphous
alloys, after their stress relief anneal, depend on the
field magnitude and direction and the temperature cycle
used during the anneal [19,29], as well as on the tape
thickness, surface roughness, and voids, factors that
have been studied in conventional thin tapes. The val-
ues reported on Table III were measured on the toroids
used to obtain the loss results shown in Fig. 1. These
values correspond to the optimum heat treatment in each
case. The values of H, for the amorphous alloys tend
to be lower than for related crystalline alloys. The
resistivity of the amorphous alloys is about three
times larger than the values in crystalline alloys.
This means that for the same tape thicknesses the amor-
phous alloy losses and permeability are retained to
higher frequencies than in the commercial alloys, as
noted in Fig. 2. This is clearly an advantage. The
temperature coefficients of the losses, permeability,
and other properties important in device applications
have been reported [20] for some of these amorphous
alloys. As in the related crystalline alloys, very
little change is observed up to possible device opera-
ting temperatures since the Curie temperatures are
still substantially higher.

It is thus clear that electronic device applica-
tions could now use.a variety of amorphous alloys 1f
they were commercially available at the low costs ex-
pected. ! ;

POWER APPLICATIONS

Benefits

Power apparatus, operating at 50 or 60 Hz, is the
other major application area in which the potential of
amorphous materials must be considered. As was indica-

TYPICAL CHARACTERISTICS OF SOME COMMERCIAL ALLOYS

Code
Trade in Composition (wtX)
Names Figs. and Description
4=79 Mo-Permalloy P 80 Ni, 16 Fe, 4 Mo processed for
Super Perm 80 high initial permeability
HyMs "80"
Mumetal
Hipernon
Supermalloy v 80 Ni, 20 Fe processed for
Humu “800" highest initial permeability
and lowest nc
Square Permalloy R 80 N1, 16 Fe, 4 Mo processed for
Square 80 B-H loop squareness
Hy-Ra "80"
Deltamax X 50 Ni, 50 Pe grain-oriented,
Square 50 processed for maximum
Hy-Ra "49" B-H loop squareness
Orthonol
Hipernik V
Silectron s 96.8 Fe, 3.2 81
Microeil
Oriented T-8
Supermendur 49 Pa, 49 Co, 2 V processed for

saximus B-H loop squareness

%350 » thickness unless noted
1305 == thickness
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™,  Curie Magneto-

4 Resistivity Densit
@R.T. Temp. striction Hci y

. 4]
G oc A, * 10 os_ M /M 0 /en®
7.8 460 ~0 0.025 - L1 8.74
8.2 400 ~0 0.005 - 65 8.
8.2 460 ~0 0.028 0.72 ss 8.74
16.0 480 40 0.10 .85 4s 8.25
20.3 730 4 0.50 0.71 50 7.68
0.30t 0.71¢

23.0 940 70 . 0.18 0.87 26 8.13
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SOME PERTINENT CHARACTERISTICS OF AMORPHOUS ALLOYS

Code 4n Curie Magneto-~ -
Nominal in @ R.T. Temp. qtrictuzn
Composition Figures kG °c Ag % 10
. 3 5
'.29'“69’16'55"2 D 4.2 82
28268
. ~0
FeqCo,,P) (BeAly o 6.3 260
. -0.1
hsComst‘sllo M 6.7 430 0
r-kom‘ormls Cc 8.2 247 11
2826
Fc‘oﬂt‘orul‘ K 8.3 250 12
. .5
Fe, oN1,0%20 F 10.3 396 13
Feg Ni,0P) B¢ H 10.4 334 17.5
Feg P18 4 13.6 344 26
F.7B'125110 J 14.2 457 -
.
hBOPlGCJ'l B 14.9 292 30
2615
FegBao A 16.0 374 30
FegoBs0 E 16.1 378 29
2605 =

# Allied Chemical METGLAS ! alloy designation

*# Magnetostriction measurements on our alloys were made by
t Temperature for 1/2 of total transformation

Ter = initiation of crystallization

Ter ® stress-relief temperatures

*  25-50 ll thick, measured on toroids
P extrapolated from Fe-Ni alloys

ted above, in electronic applications these materials
are capable of approximately equalling or in some re-
spects exceeding the properties of conventional Fe-Ni,
Fe-Co, and Fe-Si alloys, and to offer a substantial cost
saving. In power frequency applications, on the other
hand, the potential improvement in properties is far
greater. The FeggB,, alloy ribbons have one-fourth the
losses, at a given inductton, for sinusoidal flux, of
the best oriented Fe-Si sheet steel. This is {llustra-
ted in Fig. 3, which shows the loss as a function of
induction for amorphous FeggBjo and a number of common-
ly used iron-based magnetic materials. However, the
saturation magnetization of '.‘2. o is 20% lower. The
possible utilization of a mater ni with lower satura-
tion depends on ic factors. This 1is {llustrated
in Fig. 4, which gives an estimate of the relative

total cost of a moderate-sized transformer as a

function of the relative cost of the core material and
of the operating induction. These costs are based on
the construction method remaining the same, with appro-
priate core and coil dimensions, and a fixed cost equal
to approximately half the total. Present oriented sili-
con steel, operating at a nominal induction of 17 kilo-
gauss, is shown on the 100X curve at a relative core
material cost of 1.0. The curves indicate that a lower
operating induction could be tolerated with appropriately
rescaled core and coil, if the core material unit cost
vere sufficiently lower. FeggByo operating at 14.5
kilogauss 1is also shown, at a material cost factor of
1.5. We believe that this cost factor is conservatively
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Annealed Resistivity Density :"" h:.d
Ho# M/t [ ’ or er
Oe s yi-ca g/em’®  °c  °c  pef.
.011 .70 140 - - - 35
.015 0.82 - 7.60c 350 - 20
.010 .85 134 - - - 37,38
.019 .58 180 1.7 300 - 34-36
.035 .85 - 7.52 310 355 20
.090 .68 - 7.48c 350 355 20
7.14 3
.050 .84 - 7.42¢ 305 350 20
7.21
.10 .37 - 7.13¢ 325 - 20
6.86
- - - - - - 39
.050 42 150 - - 327¢ 35
0.040 0.78 140 7.4 310 389t 12,34
.075 .46 - 7.07¢ 330 340 20
7.05 345

P. Flanders, Univ. Penn.

high, being based on today's cost for boron and a gener-
ous allowance for conversion. Such a material would in-
crease the total transformer cost to 127% of its present
level but with substantially lower losses.

The fact that the loss of FegyBygn is so much lower
does not appear at all in Fig. 4 but represents a major
benefit in the saving of energy that would otherwise be
lost as heat in the transformer. This benefit to both
the producer and the consumer of electrical power could
be included in a plot like Fig. 4 depending on how one
chooses to factor in this saving. If one operated or-
iented Fe-Si at a flux level at which the losses were

as low as those of Fe 20° about 9700 G, at the preseant
material cost, one would gc at the point in the lower
part of the figure. The large extra amount of material
would raise the total cost to 1382 compared to the con-
servative 1271 for the same losses using Fe 0820°

The potential saving in energy from r.ﬂucoa core
losses is extremely large. Of the 2 x 10'? kwh of
electrical power generated annually in the United
States, roughly 0.5% is lost as iron losses in the
cores of distribution transformers alone. At 3 cents/
kwh, a reduction in losses from 0.7 to 0.2 watts per
pound (oriented Fe-Si to amorphous Fe-B) would save
over 200 million dollars annually now wasted as heat in
transformers.

Limitations
The extent to which the benefits of a low-loss
amorphous material in power-frequency applications can
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Fig. 3. Loss as a function of induction, for sinusoidal
flux, for amorphous FeggByo and some commonly
used iron-based magnetic materials. M-4 is
grain-oriented; the other commercial alloys are
not.

be realized is potentially limited by flux level con-
siderations, by geometrical factors, and possibly by
the necessity for annealing.

Flux level. The operating flux is of course
closely related to the saturation magnetization. It is
desirable to operate at a flux far enough from satura-
tion so that the transformer still presents a reason-
able inductance in case of a very large voltage surge
on the primary. A value of 14500 G was taken for
FegpByo 1in Fig. 4, but its saturation magnetization is
16000 G. This value of saturation is essentially the
highest reported so far for iron-base amorphous alloys
prepared by rapid quenching. Attempts to increase the
amount of iron beyond 80% result in the saturation mag-
netization going down again. Thus enough glass-former
is needed to keep each iron atom from having too many
iron neighbors. The best glass-former for this purpose
would be one with the least tendency to donate elec-
trons, which lower the iron moment. Boron seems to be
the most satisfactory in this respect. It is possible
to achieve higher saturation by substituting cobalt for
some of the iron, but this is not an economically feas-
ible procedure for large devices.

G trical factors. At present, amorphous ribbons
have not been produced in thicknesses of more than
about 40 m even in studies designed to test the effects
of processing parameters on ribbon geometry [1,30].

The ultimate thickness limitation is set by the rate of
heat transfer through the already solidified material.
This heat transfer must be rapid enough that the last
increment of material to solidify still avoids crystal-
lization. The upper thickness limit in practice ap-
pears to be not more than about 50 um, or 2 mils. This
is of course several times smaller than currently used
materials. Thin material is advantageous from the

point of view of eddy current losses. It is difficult
to prepare conventional Fe-Si at such low thicknesses
and still have low losses [31]. Thus the amorphous
materisls have an inherent advantage with respect to
the geometrical control of eddy current losses. On the
other hand, a very thin material might be likely to
occupy less of the total available space because of the
greater fraction of the cross-section occupied by insu-
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Fig. 4. Relative total cost of a distribution transfor-
mer as a function of relative cost of core
material and operating induction.

lation. However, the greater resistivity and lower
losses of the amorphous materials might make it unneces-
sary to insulate all the thin ribbons from each other.

Another factor closely related to both the packing
fraction and the ease of fabricability is the width of
the ribbon. 1Initial experimental ribbons produced from
a single small jet have all been of the order of 1 mm
wide. Clearly it is of great importance to be able to
increase this dimension for practical applications.
Allied Chemical supplies METGLAS material about 2 cm
wide and has described material with a width of 6 cm
[32]. 1Ideally the material should be as wide as the
entire core, which for a medium sized distribution
transformer is in the vicinity of 15 cm. Narrower
material would inevitably lead to a lower packing frac-
tion and probably to more difficult fabrication.

Closely related to both packing fraction and insu-~
lation considerations is the smoothness of the material.
Small surface irregularities would tend to reduce the
contact area between adjacent layers and might help
eliminate the need for insulation. Along with larger-
scale undulations, they would also tend to reduce the
packing fraction, which might turn out to be an impor-
tant 'limitation. If there are inherent limitations in
the smoothness and thickness uniformity of material
prepared by melt quenching, it might be possible to
render it more uniform by rolling, and then annealing
it to restore the original maguetic propcrties [33].

Necessity for annealing. The question of anneal-
ing is important for the pos:ible use of amorphous ma-
terials in large devices. The measurements reported
above for small cores have all been made after the fin-
ished core was given a low-temperature anneal to remove
the effects of the stresses originally present in the
material and also those produced by winding. In large
devices, there are several questions. Are the proper-
ties of as-cast material good enough? If not, can the
material be annealed before device fabrication, since
the bending stresses from core forming are probably
much lower than the quench stresses? Would such an *
anneal make it too brittle? It might prove necessary
to anneal the completed core or device. This should
not pose much difficulty since the temperstures re-
quired are only about 300°C. Transformer cores are at
present annealed at far higher temperatures.

CONCLUSION

We feel that the potential of amorphous materials,
in both electronic and power devices, fully justifies
the vigorous investigation of questions related to
their applications in magnetic devices. In conclusion,
we list some of the areas in which further research and
development appear necessary.

Needed Research and Development .
Magnetic properties. Saturation magnetization is
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the property of overriding importance.

A careful in-

vestigation of saturation magnetization, particularly
at room temperature, as a function of composition over
the entire range that can be made amorphous is neces~

sary.

Is there some way of making materials with higher

saturation?

Although the losses, permeability, and coercive

force for amorphous alloys are much better than for
conventional Fe-Si, they have not quite attained the

values observed for the best Fe-Ni alloys.

The reasons

for the differences are not all understood, and a basis
for further improvement of the properties of the amor-
phous alloys would be a significant advance.

Present processing methods produce materials whose

properties, while good, require a low-temperature

anneal to attain their best level.

Given the proces~

sing, are there compositions that give better proper-

ties

without the necessity for an anneal?
Material fabrication. The other approach to the

stress-sensitivity problem is to look for fabrication
techniques that minimize the stresses now present in

as-cast ribbon.

Identification and elimination of the

source of these stresses would remove the need for a
stress-relief anneal.

It may not be possible to produce material much

thicker than at present, but it certainly can be made
wider, and development in this direction is of the ut-

most

importance for device application. Also, more em-

phasis should be placed on uniformity of thickness.

Even

gradual variations over long distances could be a

problem in fabricating larger devices.

Device fabrication. The optimum use of magnetic

material in the form of a ribbon only one or two mils
thick calls for more than a simple extension of present

ways

handling equipment.

of fabricating devices, particularly large power-
If the material properties are

attractive enough, such devices and their manufacturing
methods will require complete redesign to achieve the

most

9.
10.
11.

12.

13.

14,

15.

16.

17.

18.

1774

cost effective end product.
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APPLICATIONS OF AMORPHOUS ALLOYS

F.E. Luborsky

INTRODUCTION

In the past two years, a variety of applications
using amorphous metallic alloys have been reported.
Thus, the early promise of the potential usefulness of
amorphous alloys appears to be coming true. Some pre-
vious reviews have been written(1=4) which cover the
application of amorphous metals in both electronic and
power devices. In this report, we will first describe
some of the recent materials developments related to
the potential use of amorphous alloys. We will then
briefly describe the applications reported.

HIGH MAGNETIZATION ALLOYS

For applications in power devices, in competition
with Fe 3.28Si, higher saturation magnetization amor-
phous alloys would clearly have an advantage. The
Fe3.24Si has a 4lIMg = 20,000 G. In the FeB binary
amorphous alloys, the highest value at room tempera-
ture is 180 emu/g for FegoBo, as shown(5) in Fig. 1.
This corresponds to 16,000 G if the density of 7.07
g/cm3 is assumed, or to 16,700 G if the density of
7.4 g/cm3 is assumed. The decrease in the Og vs Fe
content beyond 808 Fe occurs because of the rapidly
decreasing Curie temperature. This is confirmed by
the measurements at increasing temperature; the peak
Og decreases and moves to lower Fe contents as ex-
pected. Thus, any additions or substitutions which
raise Tc will raise the maximum value of Og.  Both Co
and Ni will raise Tc.(s) However, since both Co and
Ni are expensive, only very small additions may be
tolerated for use in power devices where the cost of
the material is a significant fraction of the total
cost. We have arranged all of the results reported
to date on 4lIMg of FeNiCo amorphous alloys in Fig. 2.
It is curious that the initial slopes of the curves
for the FeCo alloys varies from negative to positive
values. Even the FeNi alloys show large changes in
initial slopes although none go positive. Note that
the latest results, by Hatta, for FeCo alloys show
the steepest positive slope and that the moment at
room temperature further increases a small amount on
annealing. None of these effects are really under-
stood. i

Another approach to raising T, is to replace the
B by other elements. The replacement of B by C is the
only one evaluated at room temperature for the pure Fe
alloys. The results of two different investigations(6:7)
are shown in Fig. 3. The two results at room tempera-
ture are not in agreement although it does appear that
~58 C is not detrimental to 0og at room temperature.
Note the sharp rise in og for the u-glu with higher
Fe contents reported by Hatta et al, 6) This was not
obtained on the one series of samples, x = 86, obtained
from Hatta et al, and measured by Luborsky et al, (7)
Furthermore, samples made by Luborsky et al. at x =84,
as given by the solid squares, also do not confirm the
trend reported by Hatta. The reasons for these dis-
crepancies are not known. There is a small increase
in og on annealing as shown in Fig. 4.

It is fortunate that the coercivity, Hg, of the
binary FeB alloys has a broad minimum, Fig. 5, around
the 808 Fe composition where the 4llMg is maximum. Thus,
the 1 t 1 are iated with these composi-
tions. On the other hand, the addition of C to replace
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Fig. 1 Saturation magnetization of FeB alloys at
various temperatures O, O . ’ Luborsky et
al; (5) Hargitai and Lovu;(le) X O'Handley et
al; (17) @ purand and Yung. (18) @ pashed curve
measured at room temperature after annealing. (5)
Dotted portion of curves indicates presence of
a small degree of crystallinity as inferred from
4llM; measurements.

B increases the H.. A fivefold increase in H, is ob-
served on the replacement of 10 at .8 of B by C in FeggB)¢
and in FeggBj4. The reason for this increase is not
understood.

LOW MAGNETIZATION ALLOYS

In some applications, the losses or permeabilit
are the dominant design criteria. It has been shown(l)
that reducing the magnetostriction of the amorphous
tape reduces the losses both of the as-wound as well
as the stress-relief annealed specimens. This work was
done on a variety of alloy compositions. In Fig. 6 we
show new results for the losses of the (FexNij;.y)goB20
series of alloys. In this series, the magnetostriction
decreases from about 31 X 106 for x = 1 to about 3 X 10~6
for x = 0.25. The low frequency losses decreased by
about a factor of two over this composition range,
and the initial permeability increased by about a factor
of three. At higher frequencies, the surface smoothness
becomes more important producing more scatter in the re-
sults.

ELECTRONIC DEVICE APPLICATIONS

Until 1976, there were no devices described in the
literature using amorphous alloys. In 1976, two differ-
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Y 5 10 15 linity was observed in x-ray diffraction, C indi-
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L‘;”?gf"i ‘;:“' e ":"‘“:: by;‘“?"ﬁ .= lay lines. Electronically controllable acoustic delay
L - T W e W S Al LN lines were built and tested.(9-11) fThese made use of

the AE effect, i.e., the change in Youngs modulus E with
ent applications of amorphous metals were reported. The ,pp)jed field H where E is directly related to the sound
first of these n?pnmtton- was the use of the ribbon velocity. The AE effect was extremely large in a variety
for shielding.(®) Large sheets were made by simple of amorphous alloys tested for the delay lines. FegoP)3Cy
weaving and then coating with a polymer. Cylindrical had a peak AE of 0.8 at 5 Oe; (9) Fe7g5i10B;; had a peak
shields made from these woven fabrics were measured at value of 1.9,(10,12) the largest ever reported. In these
60 Hz and compared to an equal weight shield wrapped game works, the magnetomechanical coupling factor k was
from polycrystalline 80Ni20Fe foil. Neither were an- also measured. The value of k is the most important dy-
nealed. Shielding ratios of the woven glass compared namic transducer parameter and gives a measure of the

favorably with the polycrystalline foils. The woven elastic ene enerated by magnetic excitation. The
glass, however, has the advantage of flexibility with- ol o

out altering shielding performance and is less sensi-
tive to mechanical strain.
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for as-wound toroids, solid symbols for an-
nealed toroids.

Open symbols

very large values of 0.53 for annealed FeggP)3C; and

0.75 for Fe7gSigB12 were found. Delay times of -2

us/cm were obtained in zero field; maximum changes
~12% were obtained in a field of 8 Oe at 100 kHz.

Other applications have been reported in 1977.

of

An electronic current transformer was described, (13)

This used an amorphous metal tape core made from

FeqoNi4oP14Be operating into a virtually zero ohm load

by using feedback from an operational amplifier.

Due

to the very low flux density created by virtually short

circuiting the transformer, the non-linear effects
core losses are reduced substantially.
core of reduced size may be used by utilizing such
electronic transformer.
the amorphous metal core using the active load has

and

A transformer

an

Test results have shown that

performance equal to 80Ni20Fe with respect to magni-

tude error. However, the phase shift is somewhat
poorer than for NiFe of the same size.
core is significantly superior to the FeSi core in
both magnitude and phase shift error. The results

The amorphous

demonstrated the suitability of this amorphous core

material for use as a current transformer with the
active load.

Another application reported in 1977 was the use
of amorphous cores as tensile-stress transducers in a

multivibrator configuration. (14)

This makes use of

the remarkable sensitivity in magnetic properties with

tensile stress of amorphous alloys. A differential
type of multivibrator was constructed using two cores
wound from FegoNigoP14Be- Tension or compression could
be applied to the windings of one of the cores. It was
made with two types of transducing behavior: (1) an
analog type with no zero output but good linearity and
sensitivity and no hysteresis and (2) a threshhold type
with zero output for tensile stress under a critical
stress and maximum output for stress over this critical
stress. Conventional crystalline permalloy would be
very poor for use in this application because of its
soft mechanical behavior.

1

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

POWER DEVICE APPLICATIONS

The concept of using amorphous alloys in power size
transformers has been developed in a series of papers.
(Refs. 1,3,4) It was first shown (1) that the high satu-
ration magnetization alloy FeggByo exhibited extremely
low losses. Losses were down by a factor of 4 as com-
pared to the best oriented Fe3.2%Si. This comparison
is shown in Fig. 7. 1In a finished transformer, this
reduction in core loss would result in substantial en-
ergy savings over the lifetime of the installation. For
example, of the 2 X 1012 kwh of electrical power generated
annually in the United States, roughly 0.5% is lost as
iron losses in the cores of distribution transformers
alone. At 3 cents/kWh, a reduction in losses from 1.5 to
0.44 mw/g, i.e., in going from oriented FeSi to amorphous
FeB, would save over 200 million dollars annually now
wasted as heat in transformers. Thus, there is a real
incentive to push forward the development of amorphous
alloys for use in large transformers.

The drawbacks which are presently under considera-
tion are the lower saturation magnetization, 4MMg, of
the amorphous alloys and the thinner gage of the sheet.
The impact of the lower 4llMg on the cost of the finished
transformer is shown in Fig. 8. This figure gives the
total cost of a moderate size transformer relative to a
transformer of the same rating made from FeSi as a func~
tion of the 4llMg and as i1 function of the relative cost/g
of the core material. These costs are based on the con-
struction costs remaining the same, with appropriate
changes in coil and core dimensions plus a fixed cost
equal to approximately half the total cost. Three data
points are shown. The one at 17 kG represents the cost
of present transformers made from oriented Fe3.28Si.

The amorphous FegpB20 is shown operating at a conserva-
tive 14.5 kG, and a material cost of 1.5 times that of
Pe3.288i. This cost factor is conservatively high and
is based on today's cost for boron and a generous allow-
ance for conversion. The amorphous FeB would increase
the total transformer cost to 127% of its present level.
However, the lower losses would more than offset this
initial cost during its operating lifetime. The third
data point shown in Fig. 8 corresponds to the design of
a transformer using Fel.2\Si operating at the same low
losses as the amorphous FeB. This would require opera-
ting the core at 9.7 kG, requiring substantially more
material in the core. This would raise the transformer
cost to 138%. The present thrust of the materials re-
search in this area is to try to raise 4llMg of available
inexpensive amorphous alloys as already discussed.

The limitation on the thickness of amorphous rib-
bons is ~50 um and is determined by the heat-transfer

e



INDUCTION IN KILOGAUSS

rate through the solidifying ribbon. The cooling curve
must be such as to miss the intersection of the 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%Si. Thin material has the
advantage of low eddy current losses, but it is not pos-
- sible to prepare Fe3.288i at thicknesses thinner than
~300 um and still achieve the same low losses. Thus,
the amorphous alloys have the inherent advantage of low
eddy current losses. On the other hand, the thin mate-

SIN B TEST rial will occupy less of the total available space par-
' ] ticularly if interlayer insulation is used. However,
S the greater resistivity and lower losses of the amorphous
- alloy might make it unnecessary to insulate all of the
[ layers.
2 o5k —
= M-45 1%} We now consider the permeability of the amorphous
’_ 0.0635 cm alloy FegoByo at 60 Hz. This is shown in Fig. 9 as a
» F B vs H curve compared to Fe3.2%Si, FeNi, and FeCo alloys.
§ All curves are for 50 to 100 Um thicknesses. Although
o M-22 3.2%Si the amorphous FeB has a higher initial permeability, its
E 02 0.0635 cm - permeability at 14.5 kG is lower than FeSi at 17 kG.
L Thus, higher drive fields will be required unless the
permeability can be improved.
M-4 3.2%Si
0.0279 ¢cm
0.~ =1
% T T T
| 60 Nz i,-— 24l o
005 |~ - #9Fe49C02V | e
i Fe328i,/
15— pe 4 —
a-FegoByo e SOF 5om-'f i
00038¢m & i Y
| | | 0+ : ] —
bt 2 5 0 2
INDUCTION, kG
St =
Fig. 7 Losses as a function of induction for various }
iron and PFeSi alloys compared to amorphous FeB. i
Numbers below each designation are the thicknesses. 80! 0.1 | 0 100
All at 60 Hz using sine B excitation. N, Oe

Fig. 9 Maximum induction vs applied field at 60 Hz
for a variety of ccnventional crystalline alloys
compared to FeB and FeNiPB amorphous alloys.

CONCLUSIONS AND SUMMARY

A number of applications for amorphous alloys have
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. Efforts to
improve the 4llM; have been discussed.
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SUMMARY

Ribbons of FexB1

coercivity,

_y have been prepared, by quenching a mol-

ten stream onto the suggage of a rotating wheel, for 72 < x < 92

with thicknesses of 20-30 um. The ribbons were amorphous for

72 < x < 88 as determined by X-ray diffractometry. However the
H_., and saturation magnetization, o_, indicated that

the ribbons wére amorphous only for 74 < x < 86. The Curie tem-

Py

perature, T, decreases non-linearly with increase in iron in con-
trast to th llneas decreass inferred from previous reports. T
decreases from 480°C to 222°C from x = 74 to x = 88. The magnefic
moment at 77K i{ncreases linearly from 1S4 emu/g to 209 emu/g for

x = 74 to x = 86. At room temperature however, the moment increases
to 180 emu/g at x = 80 and then decreases as x increases further.
This decrease is the result of the decrease in T as demonstrated
by o_ measurements at elevated temperatures. Anﬁeullng raises

the to a peak value of 184 emu/g at room temperature. The Hc
of th® as-cast ribbon exhibits a minimum in the range of x = 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 in H,k during annealing decreases with
increasing x. The {nitiation of Srystalllzation was determined

in three different ways; from differential scanning calorimetry,
from the magnetization-temperature scan used to determine T_, anu
from the change in H,6 on annealing for 2 hrs at increasing temper-

is obtained for x <

with increase in x.

atures. A single crgstnlllzutlon exotherm peak in the DSC scan

3 while two exotherms are obtained for x >
83. For x < 83 the crystallization temperature is reasonably in-
sensitive to x while above x = 83 the crystallization temperature
falls rapidly with increase in x. The position of the peak of
the first diffuse x-ray band is independent of x and corresponds
to A/2sin = 0.2024 s+ 0.001nm. However the half breadth decreases
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THE MAGNETIC PROPERTIES OF Fe-B AMORPHOUS ALLOYS

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

INTRODUCTION

The Fe-B amorphous alloys represent the
most promising alloys for applications re-
quiring high saturation magnetization. How-
ever there has been little reported concern-
ing their properties as a function of com-
position, particularly at room temperature.
Durand and Yung [1] reported on the Curie
temjcratures, T_ , and saturation magnetiza-
tion, ¢ _, at 4.5k for alloys from 79 to 83
at.$ Fe. O'Handley et al (2] and Hasegawa
et al '3] reported the properties of one of
the alloys, Fep.B 0 in detail. Hargitai
and Lovas [4] ﬁgvg Just reported on the T,
o, at room temperature, and coercivity, H_,
of alloys from 83 to 87 at.% Fe. The H fa1-
ues, however, were given only for as-caSt
ribbon.

In this work we will report on the pro-
perties of rapidly quenched alloys of Fex
B 0 for 72 < x < 92. Values of T, g
al 97*, room temperature and at elevgted tem-
peratures, H_ as-quenched and after stress-
relief anneafing, stability and X-ray dif-
fraction results will also be reported.
These reported results will be compared to
theory where possible.

EXPERIMENTAL PROCEDURES

Ribbons of rapidly quenched Fe-B alloys
were prepared by first making a master alloy
of the required Fe-B ratio by premelting in
an alumina crucible under argon. Electroly-
tic iron which was vacuum melted and deoxi-
dized was used along with 99.8% pure boron.
The ribbons were then made by ejecting a mol-
ten metal stream of the alloy against the
Tu?race of a rapidly rotating substrate wheel

51.

Curie temperatures were determined using
a DuPont 951 thermogravimetric recording
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
the length of the icm long ribbon sample.
The sample was heated at the rate of 20 deg/
min and the relative magnetization was plotted
as a function of temperature. Magnetizations
at room temperature and below were determined
on small weighed specimens in a vibrating
-sample magnetometer to a maximum field of
20 KOe. Results were extrapolated to H =z =
using a 1/H2 function. Values above room
temperature were obtained from the relative
magnetization curves normalized to the value
of magnetization at room temperature. Coer-
cive fields were determined on 10cm long rib-
bons set into a 20cm long solenoid. A small
sense coil was connected to an integrating
flux meter. The magnetization vs field was
then displayed on an X-Y recorder as the field
was slowly varied.

Manuscript received 3/9/78

A Perkin-Elmer D.S.C.-1B differential
scanning calorimeter was used to determine
the onset of crystallization. A 40 deg/min
heating rate was used.

X-ray diffraction was performed with Cu
radiation using the back reflection from the
surface of an array of ribbons. The results
were displayed as a diffractometer trace.

We have arbitrarily made the following working
definitions of the degree of crystallinity.

A "trace of crystallinity" corresponds to no
sharp peaks due to crystallites with heights
greater than 5% of the height of the amorphous
broad peak; a "small degree of crystallinity"
corresponds to sharp peaks with heights z=5%

of the broad peak; a "high degree of crystal-
linity" corresponds to the sharp peaks with
heights >10% of the broad peak.

RESULTS

Experimental T, values as a function of
Fe content are show§ in Fig. 1 by the open
circles. Also shown are the results of Durand
and Yung [1], C'Handley et al [2] and Hargitai
and Lovas [4]. These results are all well
within the experimental uncertainty. The 76%
and 86% samples showed evidence for some small
trace of crystallinity. This small trace of
crystallinity does not appear to affect the
results. Note that the trend is non-linear
in contrast to the linear trends drawn in
previous works [1,4]. Thus extrapolation to
x = 100, i.e. pure Fe, cannot be made with
much confidence. The for amorphous Fe is
certain&y less than 20°€ and possibly as low
as -100"C.

t 4281001

200 "
70

IRON,ATOMIC PERCENT

Fig. 1 Curie temperatures of Fe-B amor-
phous alloys. Open symbols measured in
this work. Prepared in this work, 0;
prepared by Allied Chemical Co., A.
Solid symbols from work of Durand and
Yung® , O'Handley et at and Hasegawa
et al®, and Hargitai and Lovas ®. Dot-
ted lines indicate alloys with a small
percentage of crystalline phase as de-
duced from magnetic results.




The magnetization, o, at 77K is shown
in Fig. 2. A value of 225 emu/g is obtained,
if a linear extrapolation is made to pure
iron, compared to a value of 221.8 emu/g for
crystalline iron. These results are in good
agreement with the values reported by Durand
and Yung (1) at 4.2K. The magnetizations at
room temperature, in Fig. 2, show a maximum
at 80% Fe. The decrease in og at higher Fe
contents is the result of the decreasing
values of T_ as is demonstrated by the shift
of the peak to lower Fe contents with increas-
ing measurement temperature illustrated in
Fig. 2. The results of 0O'Handley et al [2)]
and of Hargitai and Lovas [4] are in reason-
able agreement with our results. At the ex-~
tremes of 72 and 88% Fe our results seem low.
This is assumed to be due to a few percent
"of crystallized phase, too small a quantity
to be detected by the X-ray analysis. X-ray
analysis requires 5-10% of a second phase to
be detectable. The 92% Fe alloy acts as if
the material were almost pure Fe at both room
temperature and at 77K. Annealing of the
ribbons results in an increase of 1 to 2% in
magnetization at room temperature as shown
by the dashed curve in Fig. 2. The origin
of this change is not known.

220

SATURATION MAGNETIZATION, emu/q

140 - }
¢H100%C 1
120 ~ ”l 'm- . . —l
< 150°C J

'w L L A y 3
70 4] 80 [ L] 90 9%

IRON, ATOMIC PERCENT

Fig. 2 Saturation magnetization at various
temperatures for Fe-B amorphous alloys.
Measured using a VSM and extrapolated to
H = ®» ysing 1/H2. Solid symbols from
work of Durand and Yung @; Hargitai and
Lovas® , and O'Handley et al a. After
annealing at ~30% below crystallization
temperature for 2 hrm. Dotted lines as
described in Fig. 1.

————— e — — —

The coercive field of as-cast ribbon
and ribbon annealed to achieve minimum H
are shown in Fig. 3. Note the sharp risé
in H, on the high Fe side in contrast to the
gradual rise in H, on the low Fe side. On
annealing, the H_ “decreases by approximately
a factor of two, but this decrease becomes
smaller as the Fe content increases. Based
on the magnetization data only the samples
from 74% Fe to 86% Fe can be classed as rep-
resenting the properties of a purely amorphous
ribbon. Within this interval the annealed
specimens all show the same range of coerciv-
ity, namely 0.02 to 0.06 Oe. The 72% Fe
sample shows no increase in H, even though
its o_ is low. Thus much les§ than half the
sampl® is crystalline. The sample with 88%
Fe is assumed to have a higher H_ 6 values be-
cause of the presence of some.smgll amount
of crystals. In both the 72 and 88% samples
the quantity of crystalline sample is too
small to be observed by X-rays.

T 5 4 1

:

8:
=
0l
00! 11 I L 1 1 |
70 80 90
1RON, 1
Fig. 3 Intrinsic coercivity of amorphous

Fe-B alloys. Open circles for as-cast,
solid circles for minimum after heat-
treatment. T = trace of crystallinity
= <5% of 1st diffuse peak; C = high
degree of crystallinity = >10% of 1st
diffuse peak. Diamonds from work of
Hargitai and Lovas. Dotted lines as
described in Fig. 1.

The stability of the Fe-B alloys has
been inferred from DSC.scans, from the mag-
netization vs T curve, from the T, determina-
tion, and from the H, magnetic teSting.

These results are shSwn in Fig. 4. The DSC
tests, run at 40 deg/min, show a single crys-
tallization exotherm at Fe contents up to

83%. In this range the crystallization tem-
perature is reasonably independent of compo-
sition. Two peaks appear for compositions

>83% Fe. The first peak is the exotherm for
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Fig. 4 Crystallization of amorphous Fe-B
alloys. T, = start of crystallization,
Ty.m = maxfmum in crystallization exo-
thérm both from DSC. Solid diamorids

from work of Kemeny et al. Onset of

crystallization after 2 hr heat-treat-
mentdetermined from H, changes. Dot-

ted lines as described in Fig. 1.

the crystallization from the amorphous phase.
The second exotherm is due to the transfor-
mation of the crystallized products. Some
results from Kemény et al [6) using the DSC
at 10 deg/min fall below the other two DSC
curves, as expected because of the slower
heating rate. The two hour anneals show an
even earlier start for crystallization, but
again with essentially the same shape of
curve vs composition.

X-ray diffraction results are shown in
Fig. 5. The position of the peak is constant
with A /2sin® at 0.202440.001nm but the half-
greadth decreases markedly with increase in
e.
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Fig. 5- Half-breadth of first diffuse X-
ray diffraction ring for amorphous Fe-B
alloys. Dotted lines as described in
Fig. 1.

DISCUSSION

These results on T , extrapolated to pure
iron, may be compared t8 results from Durand
and Yung (1]). In studies on FePB amorpaous
alloys they obtained a vaiue of T, = 47 °C by
linear Sxtrapolation, compared wifh our value
from 20 C, obtaiped by linear extrapolation,
to possibly -100°C, obtained by non-linear
extrapolation. Work on non-related systems

" has also been used to obtain T of amorphous

Fe. For examale from measureménts on Fe-Tb
[T, T. = =73°C and from meaaurenents on rare-
earth-fe alloys (8], T. = -3°C. These dif-
ferences may in fact rSpresent differences

in short-range order around the iron in these
different systems. The decrease in T_ with
increase in Fe has still not been satfsfac-
torily explained.

The magnetization at 77K is assumed to
be the same as at 0K because of the relatively
high T  values. The equation representing
the magnetization-composition curve in Fig.
2 can be written as

225 - 1.20y
2.24 - 0.0065y

g =
or

where u is in Bohr magnetons/Fe atom and y

= atomic percent of boron. The value of 2.24
for the moment of pure amorphous Fe is in good
agreement with previously reported values of
2.33 and 2.37 [1) from extrapolations of data
from Fe-B and Fe-P alloys.

The variation of magnetic moment is often
discussed in terms of the rigid band theory
and the charge transfer of s-p electrons from
the metalloids to the d-band of the transition
metals. On this basis, the decrease in moment
with increase in B is due to filling of the
d-band by the electrons donated by boron.

From the slope of the curve in Fig. 2 it is
deduced that B donates 0.7 electrons to the
Fe. This may be compared with the values
already reported for B; namely 0.3 by Becker
et al [9], 1.4 by Durand and Yung (1], 1.6
by O'Handley et al [2] and 1 by Yamauchi and
Mizoguchi [10].




The coercive fields in Fig. 3 represent
contributions from intrinsic wall motion pro-
cesses, strain-magnetostriction interactions,
surface irregularities, and anisotropy from
crystallization products, if present [11].

In the region between 74% and 86% there ap-
pear to be no detectable crystallization pro-
ducts and thus the properties after annealing
are relatively independent of composition.

This is as expected since we assume that all

of the other sources of anisotropy which may
contribute to H_are independent of Fe content.
The contributiofi of the crystallization pro-
ducts to H, is quite pronounced in the region

x > 86%. Coercivities are substantially higher
prior to a stress relief anneal because of
strain-magnetostriction anisotropy.

The thermal behavior is quite complex
as is summarized in Fig. 4. The rapid decrease
in the temperature for the onset of crystalli-
zation above ~83% Fe may limit the usefulness
of such alloys.

SUMMARY AND CONCLUSIONS

Rapidly quenched ribbons were prepared
with iron contents from 72 to 92 at.%. These
were judged to be amorphous from 74 to 86
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 afid is not understood. The mag-
netic saturation decreases with increasing
B corresponding to 0.7 u,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 to a peak value of 184 emu/g. The
coercive 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 ﬁigh 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%.
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 remains unchanged.
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SUMMARY

The anelastic stress relaxation was measured as a function of time and
temperature for the amorphous l"ewNin'l 4Bg: AD initial 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. Anelastic stress relaxation was also measured after heating for 2 hrs. at
225°C for a number of amorphous alloys series: FexNiao_xP“Bs, FexNiao-xBZO'
Fe,Nigo-xP14Cs FeqqNiggBao-xPxr FegoBao-xSix: FegsB)s—xSix: Fegs—xP15By Fegs-
xP15Al Fegs PicSiy, Fess-xBISSix' Fege B 5P, and Fe o, B, . 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 T_ . This relation cannot 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 '!'g or by the change
in viscosity of the solid with temperature below T_. The stress relaxation rate was found
to increase with increase in the temperature of the meit followed by a decrease. This
increase was interpreted as showing the retention of the increasingly disordered
structure of the liquid with increasing 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 initially quenched in.

KEY WORDS

amorphous alloys, stress relaxation

Microfiche Copies Available From

RO-54 (10/70)

Corporate Research & Deveiopment Distribution
P.0. Box 43 Bldg- 5, Schenectady , N.Y.,1230I

Technical Information Exchange
P.0. Box 43 Bldg. 5, Schenectady , N.Y.,1230I




A L

e —

STRESS RELAXATION IN AMORPHOUS ALLOYS |
F.E. Luborsky and J.L. Walter
General Electric Corporate Research and Development
Schenectady, N.Y. 12301

ABSTRACT

The anelastic stress relaxation was measured as a
function of time and temperature for the amorphous
FedONi«)PNBG' An initial 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.
Anelastic stress relaxation was also measured after heating
for 2 hrs. at 225°C for a number of amorphous alloys
series: FexNiao_xP“BG. Fe Nigy Boo: FexN'so-xPMCG'

FeyoNigoBooxPx FegoByg Sy, FegsBys Siy. Fegs o

P 5By Fegs xP1sAly: Fegs o PysSiy Fegs BysSix Fegs.

xBlSPx and Fe, . B, . 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 T _. This relation cannot 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 'I‘g 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 disordered structure of the liquid with
increasing 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 initially quenched in.

INTRODUCTION

The ability to stress relieve amorphous alloys before
they crystallize is critical to the development of their
optimum magnetic properties. Thus some understanding of
the mechanisms involved in anelastic stress relaxation of
amorphous alloys and some information on the trends of
this relaxation rate with composition and process prepara-
tion parameters is important.

Luborsky et al [1] first reported that amorphous
I’Q“NI“P“B‘ could be completely stress relieved at
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temperatures below the temperature required for crystal-
lization. The direct correspondence between the fractional
stress relief and the increase in remanence was attributed
to the reduction in strain-magnetostriction interaction
anisotropy. The fact that changes in internal stress,
fracture strain, and anisotropy all had similar kineties.[ 2]
suggested that the same atomic rearrangements might be
responsible for all three effects. Of particular importance
were the observations that the stress relief process was
irreversible and appeared to progress in two distinct steps;
an initial rapid change followed by a slow change. After a
preanneal the rapid change disappears but the slow change
still oceurs. It has been noted that after deformation the
stress relief rate increased [3,4] suggesting that the stress
relief effects are caused by the annealing out, or rear-
rangements of, structural defects. There are several
reports of the structure relaxation spectrum [5-8] ob-
tained from differential scanning calorimetry. These
relaxations occur in the same temperature regions as the
stress relief. It is assumed therefore that all relaxations
arise from the same physical origins. Chen and Coleman
[5) attributed the lower temperature spectrum of relaxa-
tions to local atomic rearrangements and thus predicted
little or no change in such properties as coercive force,
hardness etc. However, if these relaxations are associated
with stress relief they will reduce the coercive force. The
high activation energy spectriun was attributed to macro-
scope atomic rearrangements which should produce large
changes in coercive force, hardness etc. It .was observed
that with decreasing quench rate: (a) the intensity of the
relaxation spectra decreased, (b) the distribution of relaxa-
tions decreased and (c) the ratio of the intensity of the low
temperature spectrum to the total spectrum decreased.
We thus suggest, on the basis of the correspondence
between the stress relaxation trends reported and the
trends in relaxation spectra, that the initial rapid change in
stress is associated with the low temperature spectrum of
relaxations attributed to local atomic rearrangements. The
Curie temperature changes [6,7) during annealing further
supports the view that short range atomic rearrangements
occur during the low temperature structure relaxation.

In this paper we analyze the time-temperature
dependence of the stress relaxation of one amorphous alloy.




The effects of alloy composition and some preparation
parameters on stress relaxation rates will then be shown
and correlated with the glass temperatures of the alloys
and the assumed atomic diffusion.

EXPERIMENTAL METHODS

Stress relaxation was measured, as previously de-
scribed, [1] by spring back measurements. The ribbon
samples with an initial radius of curvature r, were
subjected to a strain, O, by first placing them in a
restraining ring with radius £ which imparted strain, © o
After annealing, the sample was removed from the ring and
allowed to relax to a new radius, r_. The fractional stress

a
relief is then

F=1-(op = [(rolra) - (rolri)l/ n- (rolri)l. (1)

Since usually L then

F=1- (0,/00) = r/ty (2)

This assumes that the critical resolved shear stress
is nowhere exceeded in the material so that the stress is
proportional to the strain. Although a varying strain is
applied through the thickness of the material, the stress
relaxation is assumed independent of the magnitude of the
stress. It has been shown [1,9] through domain and
magnetic property studies that complete relief of this
P, ,B. occurs at the

40Mi20P1486
same anneal temperature and time as required to remove

externally induced stress in Fe

the internal stresses developed during the preparation of
the ribbon. This may not be the case in the other alloys.

KINETICS OF STRESS RELAXATION

An amorphous alloy of Fe‘oNin“Bs, obtained
from the Allied Chemical Co. as METGLAS 2826, has
been used to examine the kinetics of stress relaxation. For
anelastic creep, ie, for stresses below the critical shear
stress, the relaxation can usually be described by the
standard linear model [10] for a first order rate process;

a/ao = expl-t/t) = exp(-vt) (3)

where T is the time constant and 0 and O o are the strains
at time t and at t = 0. A plot of the results in this form are
shown in Fig. 1. Similar resuits have been reported {2,3]
but these results were not analyzed kinetically. There is
obviously more than one time constant involved at each
temperature. The fast process or processes which occur
initially are not resolvable here or in the other work [2].
These results indicate a distribution of first order time
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Fig. 1 Stress relaxation isotherms at various temperatures
: : 0
for Fe40N'4oPl4BG (open symbols), and at 225 for
Feg(NigoP; 4Bg and Fe o Niy By, (solid symbols).

constants. After about 30 to 50 min. a linear relation
between In(c/o o) and t is obtained as shown in Fig. 1
indicating a single first order process weli separated from
the faster initial process or processes. The time constants,
for this slow process, are plotted in Fig. 2 as a function of
reciprocal temperature. The results indicate that the
process is thermally activated with an activation energy of
0.5 + 0.05eV (12 keal/mole) and v, = 1.9 + 0.8 sec™". This
energy is in the range of energies, 0.5-1eV (12-24 kecal/
mole), usually associated with motion of vacancies in
crystalline alloys. Our energy of 0.5eV = 12 kecal/mole is
within a factor of two of the 22 kcal/mole reported by
Chen and Coleman (5] for the peak in the low activation
energy spectrum of relaxations derived from scanning
calorimetry. These spectre have been attributed to a
general structural relaxation of the glass. The fraction of
the stress relaxation which occurs rapidly, Fo, is also
displayed as a function of temperature in Fig. 2. F 5 is
obtained by extrapolating the linear portion of the curves
in Fig. 1 to t = 0. This fraction increases with increasing
temperature. 4

As in crystalline alloys we may relate the anelastic
creep or stress relaxation to diffusion of various species.
There are no direct measurements of diffusion in amor-
phous alloys of this type. Thus we cannot compare the
activation energy found to either metalloid diffusion or to
transition metal diffusion. There are three measurements
of diffusion in amorphous alloys. All of them showed faster
diffusion in the amorphous state than in a corresponding
crystalline state. The diffusion of Hz into Fe”l’uc.,md
into l’ewCrml’uC7 was found to have an activation
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Fig. 2 (a) Rate constants and (b) fraction of process
involved in the initial fast relaxation both as a function
of temperature for the same alloys as in Fig. 1.

energy of 0.34eV (7.8 kcal/mole) and 0.18eV (4.2 kcal/mole)
respectively (11] . This diffusion probably occurred via an
interstitial mechanism. . Two studies of diffusion into Pd-Si
amorphous alloy have been reported. One study used a
small atom, Li 012], and found an activation energy, which
we calculated from their results, of 1.9eV (66 kcal/mole).
In the other study the larger Ag atom was diffused into Pd-
Si [13]. The activation energy AE found in this case was
1.3eV (30 keal/mole). Ag was chosen because of its
similarity to Pd so that it could be viewed as a self
diffusing species. This AE = 5T (not 30 Ty as reported)
where Tm is the melting point of the PdSi alloy. It was
pointed out that this value of AE was between 7 Tm,
characteristic of self diffusion in liquids and 34 Tm'
characteristic of diffusion in crystalline solids. Based on
the models of glasses as consisting of supercooled liquid
structures the above result would be expected. If the same
relation, AE =25 'rm. holds for this alloy we would expect

to find & = 25 (1163) = 29 kcal/mole if diffusion of iron or
nickel were responsible for the relaxation. The much lower
value of 12 kcal/mole found suggests either that diffusion
of a different atomic species, e.g. P or B, is responsible for
this slow stage in the relaxation, or that the motion or
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
alloys and in particular in 80Ni20Fe [14]. For example,
for magnetic directional ordering AE increases from 0.8eV
(18 kcal/mole) for the quenched alloy to about 2.4eV (55
kecal/mole) for well annealed specimens free of vacancies.
The activation energy for the directional ordering of stress
relieved FeNiPB amorphous alloys has been found [13,14]
to be in the range of 16-32 kcal/mole. It was suggested
[15,16] that the amorphous "vacancies," ie, hole size and
concentration controls this reorientation just as in
quenched crystalline alloys. Note that for the Fele‘o-
Pl 4Bg the activation energy for directional ordering for
the stress-relieved alloy was 32 kcal/mole; just about what
would be predicted from the proposed empirical correlation
AE = 25 Tm' if we assume that the controlling mechanism
is the diffusion of Fe and/or Ni.

Isothermal anneals were carried out on two other
alloys FegNiy P, By and Fe, Ni B,, but only at 225°C.
These results are shown in Figs. 1 and 2 on the same graphs

. with the more extensive Fewm 4091 486 results. Both the

time constants and Fo were smaller for these two alloys
than for the FegoNi 40P14Bg Suggesting differences in their
free volume as will be discussed.

STRESS RELAXATION AS A FUNCTION
OF COMPOSITION :

The stress relaxation of some other alloys after
isochronal anneals are shown in Fig. 3. Some features to
note are: (1) All of the alloys exhibit a typical "S" shaped
curve, starting to stress velieve at 100-125°C and
completing their stress relief at 300° to 360°C. (2} The
temperatures for complete stress relief are all below the
temperatures required to initiate crystailization. Some of
these crystallization temperatures have been reported
(17]. (3) The stress relief curve for the amorphous alloy
l’e“,lliwl’l 438 ovtained from our‘uboratory falls well
below the curve for the same alloy supplied by Liebermann
and Grahem (18] and by Allied Chemical Co. The
differences are most likely caused by differences in the
amorphous structure resulting from differences in prepara-
tion of the ribbon. (4) Stress relief curves for two hour
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Fig. 3 Stress relaxation of some amorphous alloys as a
result of 2 hr. isochronal annealing. Numbers after
compositions refer to'samples from Allied Chemical Co.
and indicate their Metglas® designations (solid symbols).
Slashed symbols refer to sample made by H. Lieber-
mann/C.D. Graham, Jr. designated by L.

vacuum anneals were also reported by Davis et al [19) for
the alloys Fe 40Niwl’1 486 and FeSOBZO' These reported
curves showed some differences compared to the results
reported here. Stress relief did not start in either case
until the samples were annealed near 200°C. Stress relief
started precipitously and there appeared to be steps in the
stress-relief-temperature curve. The reasons for these
differences are not clear.

The effect of composition on the stress-relief rate is
readily seen from measurements of samples annealed for 2
hrs. at 225°C. These results are summarized for a number
of series of alloy variations in Figs. 4-6. Fig. 4 shows
variations in the Fe-Ni ratio with three different systems

of metalloids, -Bw,-P“Bs and -Pucs; the metalloid
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Fig. 4 Stress-relaxation after 2 hrs. at 225°C for various
alloys as a function of Fe given by solid curves. Alloys
prepared by Allied Chemical Co. shown by solid

-symbols. Dashed curves show T‘; - 22, --. and
—emee [17] .
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Fig. 5 Stress relaxation after 2 hrs. at 225°C for various
alloys as a function of metalloid composition given by
solid curves. Alloys prepared by Allied Chemical Co.
given by solid symbols. Dashed curve shows 1“ [22].
6 for one-half thickness of O.
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Fig. 6 Stress relaxation after 2 hrs, at 225°C for various
alloys as a function of replacing Fe by metalloids given
by solid curves. Dashed curves for Tg [22].

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
these alloys was carried out using approximately equivalent
conditions then the trends shown should reflect the
mobilities of the atomic species involved in the rearrange-
ments leading to stress relief. The atomic mobilities will
be influenced by the free volume developed during the
quenching through Tg and by the subsequeht structural
relaxation which may occur during the secondary cooling
period. These changes will be reflected in changes in the
viscosity of the solid. Note that in Fig. 4 the samples
obtained from the Allied Chemical Co. stress relieve to a
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greater degree, ie faster, than samples made in our
laboratory as was also seen in the results in Fig. 3. We
interpret this as reflecting the differences in preparation
conditions, so that the resulting structure is different.

The order of increasing effectiveness of various
atomic substitutions on the rate of stress relief can be
deduced from these results to be

Al,Si<B <P <C,

Fe < Ni
(4)
and

B <Fe

The effect of composition on stress-relaxation has
been considered qualitatively. Three factors may influence
the observed relaxation rate: (1) The structure quenched in
during the original preparation of the alloy as it cools
through T‘. (2) The cooling rate below T‘. (3) Diffusion of
metalloid atoms or matrix atoms at temperatures below
1“.

The structure quenched in during the original pre-
paration of the amorphous alloy has been characterized by
the free volume [20] of the alloy. Ramachandrarao et al
{21] assumed that the free volume results from the
formation of holes. Thus the self-diffusion coefficient was
written as :

D = 1/6a*u exp(-v'/vf) (5)
where a* = atomic diameter of diffusing species, u =
(3k1‘/m)1/ 2. the gas kinetic velocity, v® = hole volume per

atom and V¢ = average free volume per atom. The value of
v* at T_ was given by

¢
v = (Rvy/ 8C)) (Ey/RTY)? expl-Ey/RT)  (6)

where R is the gas constant, /R vo'ume per atom, AC
the change in Cp at Tg, and E, the energy of formation of
one mole of holes. The value of vp at ’l“ is given by

RAA exp(-Eh/RT‘) (7)

We now evaluate the changes in D expected on changing
the alloy composition. Ramachandrarao et al [21) showed
that for a number of similar amorphous alloys Bh/'l" was
Quite constant. Some values of ACp have been reported
(22) for NiFePBAIl alloys which varied only from 4.7 to 5.5
cal/deg-mole for alloys from 0.5 to 1 atomic fraction of Fe
to Ni without any trend with composition of Fe to Ni. Thus
ACP can be considered to be a constant also. Therefore v*

= constant, vy = eomunt and thus D = constant at T' for a

series of similar alloys. Since one of the mechanisms of
structural relaxation involves the diffusion of matrix
atoms, this analysis which predicts no change in D at T‘
with composition predicts no change in stress relaxation

rate at '!‘g with composition. At temperatures below Tg

D = D exp(- &£ /RT) (8)

where AEV = activation energy for viscous flow. Thus the
observed changes in stress relaxation with composition are
due to the temperature dependence of D as given by (8) and
are related to the viscosity of the solid. For example, with
an increase in Tg' the number of holes will decrease leading
to an increase in the viscosity or a decrease in diffusion
which will result in a decrease in stress relaxation rate.

Another way of arriving at this conclusion is simply
by referring to Williams et al [23] who observed that the
relative free volume for a variety of glasses was constant
at T‘. This suggests, by eq. (5), that D at Tg will be
independent of the glass composition since v"/vf is con-
stant.

The cooling rate during quenching through 'l‘g might
affect the structure of the amorphous alloy also if we
assume a non-equilibrium process. Thus we may freeze in a
free volume characteristic of a higher tlemperature than
Tg, by very rapid cooling. The higher Tg, the greater will
be the dT/dt, the greater the free volume, and the greater
D at Tg. This. predicts that the stress relaxation rate,
which will be proportional to D, should then be proportional

to Tg. This is the reverse of what is observed in Figs. 4-6.

The cooling rate during cooling at temperatures
below 1‘g will also affect the stress relaxation rate. This
secondary cooling rate is controlled principaily by the time
of contact of the ribbon with the wheel. If the sample
leaves the wheel at a sufficiently high temperature, the
subsequent slow air cooling permits the structural relaxa-
tion to occur with a resultant decrease in free volume. The
higher the melting temperature, Tm' for a given contact
time, the hotter the sample as it leaves the wheel, and
therefore the greater the structural relaxation and de-
crease in free yolume, resulting in slower stress relaxation.
If we assume Tm is proportional to T‘ then this is the
relation observed, ie, Tg is inversely proportional to stress
relaxation.

STRESS RELAXATION AS A FUNCTION OF
PROCESSING PARAMETERS

In Fig. 7 we show some results of stress-relief using
the same 2 hr. anneal at 225°C for variations in
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Fig. 7 Stress relaxation of Pe”B” as a function of
process variations. Ozscm diameter wheel, gas hold
down; @25cm diameter wheel;(J10cm diameter. wheel;
O10cem diameter wheel with new furnace.

processing conditions. The abscissa, "hold time," is
proportional to the melt temperature. The second furnace
used had a different, and presumably faster, heating rate.
The general increase in rate of stress relief with melt
temperature is believed to represent the decrease in the
degree of order in the liquid before quenching. With
further increase in temperature we see a maximum in one
of the curves and then a decrease in the stress relief rate
as the heat transfer from the ribhon to the spinning wheel
becomes the limiting factor. That is, if this heat transfer
is not rapid enough then some -degree of structural
relaxation will occur during this eooun-g down phase. The
effect of this secondary cooling rate on the stress-relief
rate is clearly seen as being significant by the other results
shown in Fig. 7; one where a gas stream was used to hold
the ribbon down against the wheel for a longer time; the
other where a 10cm diameter wheel was used instead of the
25¢m diameter wheel, both at the same surface velocity.
In the case of the smaller wheel the material is thrown off
of the surface sooner and thus has a.slower average cooiing
rate. These effects are similar to those just reported
(241,

Decreasing the sample thickness will also increase
the stress relief rate as shown by the two curves for
l’e‘oNl‘oP,‘Bzhln Fig. 5. This is understandable in the
sgme way. That is, a thinner sample has a faster primary
quench rate and thus has a higher initial vacancy concen-
tration or degree of disorder.

CONCLUSIONS

The anelastic stress relaxation of amorphous alloys
exhibits more than one rate constant. The slowest process
has an activation energy of 0.5eV suggesting that the hole

concentration is the rate controlling factor. The inverse
correlation between TG and stress relaxation rate for a
variety of amorphous alloy series has been explained by
assuming either that the cooling rate during the secondary
cooling period is controlling a structural relaxation which
affects the free volume and thus the relaxation rate or the
temperature dependence of diffusion below 'l‘g which
controls viscosity and thus the relaxation rate. Processing
variations affecting the melt temperature, the primary and
the secondary cooling rate also affect the relaxation rate.
Increasing melt temperatures which increases the rate can
only be interpreted as reflecting the increased randomness
or decreasing short range order in the melt with increase in
temperature. Increasing the primary and the secondary
cooling also increases the rate by inhibiting the possible
structure relaxations, that is, by freezing in a higher
degree of disorder.
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Crystallization kinetics of Fe-B amorphous alloys
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Amorphous Fe-B ribbons with 72-88 a/0 Fe were prepared by melt-spinning. The inception of
crystallization and the growth of crystals was determined by differential scanning calorimetry. The
activation energy, AE, and the pre-exponential constant, 4, for both the inception of crystallization and
the peak in the crystallization exotherm are independent of composition from 72-82 a/o0 Fe. AE and 4
steadily decline as the Fe content is increased from 82 to 88 a/o Fe. The concurrence of the AE and 4
values for the inception of crystallization and for the peak in the crystallization exotherm suggests that the
same diffusion mechanism is controlling the kinetics in both periods. This compositionai dependence of
constants in the Arrhenius relation is attributed to decreased filling of holes by B in the Bernal-like

structure as the Fe content increases.
PACS aumbers: 61.40.Df, 61.50.Cj, 64.70.Kb, 81.40.Ef

The dense random packing model, DRP, ! incorporates
Bernal structural units resulting in a configurational
framework in which the relatively small metalloid
atoms are situated in the larger interstices formed by
the transition-metal atoms. A dense random packing of
hard-sphere atoms could accommodate 21 vol% of a
smaller hard-sphere species in which the sphere size
ratio is close to that of the transition-metal and metal-
loid atoms. It may be expected that the fraction of the
large interstices which are filled would strongly in-
fluence diffusion-related processes® such as crystalli-
zation, magnetic annealing, and stress relief. In this
paper we examine the kinetics of the inception crystal-
lization and the growth of crystallites in Fe-B alloys.

Amorphous alloy ribbons were prepared by melt
spinning, using the circumferential surface of a rapidly
rotating copper wheel as substrate. * Alloys with 72--88
at. % Fe were found to be amorphous when examined by
x-ray diffraction. However, magnetic property mea-
surements, which are more sensitive to the presence
of small quantities of precipitated phase, indicates that
the 72 and the 88 at. % Fe ribbons contained some small
amount of crystallinity.

Crystallization temperatures were determined from
the exothermic peaks obtained by differential scanning
calorimetry, DSC, in which scanning rates of 2, 5-—

160 °C/ min were used, The results were analyzed using
the Kissinger technique.* Thus, for a first-order rate
law,

() -s0-n.

where x is the fraction of material transformed in time
t and at temperature T, The rate constant # for a pro-
cess described by an Arrhenius equation is given by

k=A exp(- AE/RT), (2)

where A, AE, R, and T are the preexponential fre-~
quency factor, activation energy, ideal gas constant,
and absolute temperature, respectively. For a changing
temperature with time, the reaction rate is

g‘-"=(g%‘)1' :?z)c ‘;lﬂ i @

But (3x/3T), is zero because fixing the time also fixes
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the number and position of the constituents in the sys-
tem, From Eqs. (1)—(3), we obtain

;‘x =A(1- x)exp( AE) (4)

which holds for any T. The reaction rate at the start

of transformation is minimal and its time derivative
therefore zero. Similarly, the reaction rate atthe peak
in the exotherm is a maximum and thus its time deriva-
tive is also zero. From Eq. (4),

dx\ [AE dT aB\)dx
dt ar) [—T ar ~Aexp (" R_f)]d_l ®)

The minimum or maximum occurs at temperature T,
defined by setting Eq. (5) equal to zero:

A exp(- i)= A_E, (%), (6)

where dT/dt = ¢, the heating rate. A plot of In(¢/T2)
versus 1/7, will have a slope of - AE/R.

Figure 1 shows typical In(¢/T?)-vs-1/T, plots and
Fig. 2 the compositional dependence of AE and A values
obtained from the plots in the former figure. Both the
inception and the peak in thc crystallization exotherm
are shown, ‘There is no change in AE or A for composi-
tions from 72 to 82 at. % Fe. An average value of
AE =2.45 eV and InA =36 is obtained for this composi-

10 T T T T
= -
- -
o -
- n".— —
» - B
T L
ﬁ %
-
- - e
S
-
-7
LA o ~
- -
+ -
o e
A A A A e
.28 3 14 (1] 16 (R4

FIG. 1. Kissinger plots for the crystallization of some typical
Fe By, amorphous alloys. Solid lines for inception of crys-
tallization; dashed lines for the maximum in the crystalliza-
tion exotherm.
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FIG. 2. Activation energy and frequency factor for Fe By,

amorphous alloys. Solid circle obtained from previous work

(Ref. 4) using isothermal annealing for the inception of crys-~
tallization. Solid line for inception of crystallization; dashed

lines for the maximum in the crystallization exotherm.

tion range. These values compare quite favorably with
values of AE=2,1 eV and InA =31, 6 obtained from
isothermal annealing work for the Allied Chemical
Co. alloy FegB,o.® This data is shown by the solid
circles in Fig. 2. Both AE and A fall drastically in the
composition range beyond 82 at. % Fe. The 88 at. % Fe
alloy showed considerable scatter in the In(¢/7T2)-vs-
1/T, plot, indicating the likelihood of nonuniformities in
the samples. The fact that both the inception of crystal-
lization and the maximum in the exotherm yield the
same values of AE 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 AE- and
A-vs at.% Fe curves is related to changes in the DRP
structure. According to Polk,' metallic glass struc-
tures may be modeled by the Bernal dense random
packing of hard spheres. In this model, the random
packing of relatively large metal atoms results in the
formation of large “interstitial” holes. The holes can
accommodate up to 21 at, % of suitably smaller metal-
loid atoms. Thus, there will be an excess of large holes
in the structure for B contents less than ~ 21 at. %,
leading to a low activation energy and frequency factor
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for diffusion by a mechanism analogous to that found in
crystalline materials with excess vacancies.® The
mechanism for diffusion must change for compositions
with B content greater than 21 at. % In this case,
atomic migration may occur by a self-diffusion mecha-
nism, independent 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
Fe-B alloys.

It may be argued that the slope change in the AE- and
A-vs-composition curves are due to the precipitation
of different phases on either side of the eutectic com-
position. This would result in a different driving force
for thermally activated processes. This argument
probably cannot be substantiated in view of the density
data’ and the stress-relaxation data® on the same series
of alloys. Both the change in density and change in
stress relaxation with composition is comprised of two
linear regions of different slopes with the transition in
slope occurring at about 81 at. % Fe. These density
changes provide a direct indication of changes in molar
volume and thereby vacancy concentrations. Both the
density and stress relaxation are independent of the
species forming on crystallization.

We are very appreciative for the work of Nancy
Marotta in obtaining the DSC results and for the many
helpful discussions with J.J. Becker. We are grateful
to the Office of Naval Research for partial support of
this work,
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Magnetic Moments and Curie Temperatures of
(Fe, Ni)go(P, B),o Amorphous Alloys

JOSEPH J. BECKER, SENIOR MEMBER, 1EEE, FRED E. LUBORSKY, SENIOR MEMBER, 1EEE, AND JOHN L. WALTER

Abstract—The magnetic moment per transition metal atom at 0°K and
the Curie temperature were obtained for a series of (Fe, Ni)go (P, B)20
amorphous quenched alloy ribbons. Fe/Ni and P/B compositions were

varied separately. The moment data can be fitted well by assigning 2.1.

Bohr magnetons per Fe atom and 0.6 per Ni atom, with the moment
being lowered by 0.3 per B stom and 1.0 per P atom. Alternatively,
moments varying with composition, as shown by neutron diffraction in
crystalline alloys, combined with a lowering of 1.2 per B atom and 2.1
per P atom, also fit well. For a given P/B composition, T, shows a
brosd maximum at Fe:Ni of about 3:1. For a given transition metal
composition, T, increases with increasing B ~ontent.

INTRODUCTION

ERROMAGNETIC amorphous metals can be prepared by
rapid solidification of alloys containing about 75 to 80
atomic percent transition metal, the remainder consisting of
glass-forming elements. There have been some indications that
the magnetic moments per transition metal atom, and the
Curie temperatures, are somewhat lower than in the corre-
sponding crystalline alloys.
A number of investigators have varied the transition metal
composition for a fixed glass-former composition. Mizoguchi

Manuscript received September 28, 1976. This work was supported
in part by the Office of Naval Research.

The authors are with the General Electric Research and Development
Center, Schenectady, NY 12301.

et al. (1], [2] showed that the atomic moment in a series of
quasibinary alloys of 3d transition metals, all containing 10
atomic percent each of boron and phosphorus, was approxi-
mately 2, 1, and O ug per Fe, Co, and Ni atom. Sherwood
et al. (3] found similar values in a series of Fe-Co-Ni alloys
all containing 16% P, 6% B, and 3% Al. In both of these inves-
tigations the variation of Curie temperature with 3d-metal
composition was also shown. In both instances a maximum
was observed at about 6 Co atoms per 4 Fe atoms, although at
considerably higher temperatures in Mizoguchi’s alloys. Simi-
larly, his Fe-Ni alloys had higher T, than those of Sherwood.
Hasegawa and Dermon [4] measured the Curie temperature
of Fe,sPysCyo and alloys with up to half the iron replaced by
nickel. Again, their T, were lower than Mizoguchi’s. These
differences are undoubtedly related to different glass-former
compositions, which affect T, strongly, as will be shown.
Other investigators varied the glass-former composition.
Yamauchi and Mizoguchi [5] investigated Fe or Co with B + P
or C+P and found that the atomic moments agreed fairly
well with those calculated by assigning 2.6 d-band holes per
Fe or 1.6 per Co atom and reducing this moment by lug for
each electron contributed by the glass-former, the contri-
butions taken to be | per B atom, 2 per C or Si, and 3 per P
atom. Durand (6] studied Fe-P-B alloys and found that for
a constant percentage of one glass-former, the Fe moment

Copyright © 1977 by The Institute of Electrical and Electronics Engineers, Inc.
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Fig. 1. Moment per transition metal atom at 0°K of amorphous alloys
as function of transition metal composition. Lower curves calculated
from rigid-band model, upper curves using variable moments. Filled
symbols, alloys from Allied Chemical Corporation.

would go down but the Curie temperature would go up as the

other glass-former was substituted for Fe. A similar result for
T, had been found by Chen [7] for Fe-P-C alloys.

There have been no previous reports of systematic studies of
alloy series in which both the metal and metalloid composi-
tions have been varied separately. We have investigated alloys
of the form (Fe, Ni)go(P, B)20 in which we have independently
varied the Fe-Ni and the P-B compositions, in order to study
the effect of each on atomic moment and Curie temperature.

EXPERIMENTAL PROCEDURE

Amorphous ribbons were prepared by the technique of solid-
ifying a stream of molten metal against the outside of a rapidly
rotating copper drum [8]. Measurements were also made on
samples of nominal composition FegoB3¢ and Fe4oNigoP;4 Be
obtained from Allied Chemical Corporation, Morristown, NJ.
These materials are designated METGLAS® 2605 and 2826,
respectively.

Chemical analyses of these alloys were obtained by the elec-
tron microprobe technique. Most of the alloys were analyzed
for all four elements individually. The average deviation from
nominal for 91 determinations was 1.0%. The data in Figs. |
and 2 are given for nominal composition.

Magnetic measurements were made on the ribbons either as
straight samples or in toroidal form. In all cases the strips or
toroids were first stress-relieved by an anneal in vacuum or
nitrogen, respectively, in the temperature range 250-350°C.
Several samples of each composition were heat treated at dif-
ferent temperatures. Some samples were subsequently cooled
in a field of 20 to 50 Oe. Magnetization curves were measured
to a maximum applied field of 50 Oe for both strips and
toroids. The magnetization was extrapolated to infinite field
by plotting against 1/H. The 50-Oe maximum field was gener-
ally sufficient for saturation; the greatest increase on extrapo-
lation was 5%. All samples were measured at room tempera-
ture. To obtain the magnetization as a function of tempera-
ture for each composition, a sample about 1 cm long was

®pegistered trademark of the Allied Chemical Corporation.
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Fig. 2. Moment per transition metal atom at 0°K of amorphous alloys
as function of glass-former composition. Lower curves calculated
from rigid-band model, upper curves using variable moments. Filled
circles, alloys from Allied Chemical Corporation.

placed in a field of 220 Oe in a nitrogen atmosphere and the
force due to a superimposed field gradient was recorded as the
temperature. was increased through its Curie temperature. The
results were then normalized at room temperature to the
average room temperature M, for all samples of that composi-
tion. A number of toroidal samples were also measured as
a function of ‘temperature from liquid nitrogen to the Curie
temperature. . The magnetization-temperature curves were
all closely similars in shape when plotted as M/M, against T/T,.
This single average curve of M/M, versus T/T, was used to
extrapolate the measured magnetizations to 0°K. Each mo-
ment shown in Table Il and Figs. 1 and 2 represents an average
of from 4 to 30 magnetization measurements over various
samples and annealing-treatments.

We measured the densities of a number of samples of
METGLAS® 2826 and of our FeqoNigoP;4Bs alloys by the
bouyancy method and obtained a value of 7.52 g/cm®. The
densities of other compositions were obtained by calculation,
making use of some observations summarized by Cargill [9] .
He reported the measured densities of a number of metal-
metalloid alloy glasses. He then calculated packing fractions
n given by

n='§ﬂ<R3)Po (l)

where pgo is the density in atoms/A® and (R®) is the average
value of the cube of the atomic radii. These are taken to be
the Goldschmidt atomic radii for 12-fold coordination in the
case of the metal atoms [10] and the tetrahedral covalent radii
for the metalloids [11]. Cargill found that the packing frac-
tions thus obtained were remarkably constant, having a value
of 0.673 within at most 3% for a large number of metal-
metalloid alloy glasses. Starting from our measured value, we
calculated the packing fraction, using the Goldschmidt and
covalent radii. ‘"These are 1.27 A for Fe, 1.24 A for Ni, 1.10 A
for P, and 0.88 A for B. The packing fraction deduced in this
way has the value 0.676. This value was then used with (1)
above to calculate the density of alloys of other compositions,
thereby normalizing them to the measured value. The den-
sities thus obtained are compared with reported densities of
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TABLE 1
Composition Density in g::’
Calculated Reported
(a) (12)
'.‘0N16091456 7.52 7.7
(13)
ro“lzo 7.08 1.4
e P..C. 7.20 6.97(}4
801377 s)
7.55(4
(16)
"75'15‘:10 7.18 6.95 :
(15
Co,sSllsllo 7.48 8.46 :
(b
c°7§'16'6A13 7.63 7.29 :
(b
"75’16'6‘13 7.00 7.07

(a) Also measured in this work
(b) Calculated from magnetization and moment values given in

reference
TABLE 1l

Atomic 6"Ms T P M

percentage Room T o 3 =
Fe Ni P B Gauss c glem” 0K
80 20 15790 378 7.08 1.94
(A) 80 20 16120 7.08 1.98
16000® 374" 1.99°

70 10 20 15480 460°  7.17 1.86
60 20 20 13910 465°  7.28 1.69
50 30 20 12280 452 7.38 1.52
45 35 20 10920 427 7.43 1.38 .
40 40 20 10420 396 7.49 1.31
80 % 6 13860 344 7.14 1.85
70 10 14 6 12350 355 7.23 1.64
60 20 14 6 11630 346 7.33 1.54
S0 30 1 6 10380 334 7.43 1.37
40 40 14 6 8470 : 7.52 1.23
(A) 40 40 146 6 7910 255 7.52 1.15

7900°  252°

247° 1.16¢

30 50 14 6 5910 158 7.63 0.93
40 40 4 16 8660 343 7.50 1.17
40 40 8 12 8880 336 7.51 1.21
40 40 11 9 9180 304 7.52 1.27
40 40 17 3 7850 230 7.53 1.17
40 40 20 6810 207 7.54 1.08

(A) Material obtained from Allied Chemical Co.

e Obtained by extrapolation of M vs T curve from the
onset of crystallization

a FProm Reference 17]
b Prom Reference 1§,
¢ From Reference 19 .

quenched alloys in Table I. The discrepancies are within +5%
except for CossSiysByo.

RESULTS AND DiSCUSSION

The room-temperature saturation magnetization and the
Curie temperature are shown in Table II, along with the
densities and the moment per transition metal atom at 0°K.
Figs. 1 and 2 show the moment per transition metal atom at
0°K as a function of composition. In Figs. 3 and 4 the varia-
tion of the Curie temperature is shown.
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Fig. 3. Curie temperatures of amorphous alloys as function of transi-
tion metal composition. Curves calculated as described in text.
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Fig. 4. Curie temperature of amorphous alloys as function of glass-
former composition. Curves calculated as described in text.

All of the straight lines in the lower portions of Figs. 1 and 2
are drawn according to the following equation:

u=(2.1a+0.6b - 1.0c - 0.3d)/0.8 )

where the composition is expressed as Fe,Ni,P.B; witha + b +
c+d=1. If one considered that each iron atom contributed
2.1 and each nickel 0.6 Bohr magnetons, and that each phos-
phorus reduced the moment by 1.0 and each boron by 0.3
Bohr magnetons, one would obtain the above expression for
the moment per transition metal atom. It appears to fit the
data well, over a wide range of compositions. Its slope is
somewhat less than one Bohr magneton per electron per tran-
sition metal atom, and thus not ‘quite parallel to the Slater-
Pauling curve.

Instead of employing the rigid-band model as above, it is
possible to fit the data very well using individual moments
varying with composition, as described by Kouvel [20] , based
on neutron diffraction data of Shull and Wilkinson [21]. The
moments are given by

un; = 0.57 +0.20x 3
MEe =2.20+ 0.80(1 - x) “)
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TABLE I
TreFe  TreNt Thang
(Fe,N1)g B0 651 1055 -275
(Fe,N1) g P, B 617 750 -230

in FeyNi(;-,). When this is done; the data are fitted as
shown in the upper portions of Figs. 1 and 2 by taking a con-
tribution of 1.2 electrons per B atom and 2.1 per P atom. This
scheme has the virtue that the magnitude of the electronic
contribution is perhaps a little closer to what one might ex-
pect from valence considerations.

The Curie temperatures are shown as a function of tran-
sition-metal composition in Fig. 3 and as a function of glass-
former in Fig. 4. Following Kouvel, the Curie temperatures
were calculated as a function of composition from

_ Tnini(l - %) + TeepeX
2
+{[TNnNi(l

T,

= x)- Tyere®)’
4

+Thaast1 -
The best fit to the data was obtained using the values shown in
Table II1.

It thus appears that in these materials the Fe-Ni interactions
are the strongest. The increase of T, with increasing substitu-
tion of B for P is associated with an increasing density, suggest-
ing that the average transition-metal-pair interaction increases
in strength as the atomic separation decreases. Table IIl in-
dicates that this effect is especially important for Fe-Ni
interactions.

ACKNOWLEDGMENT

It is a pleasure to acknowledge the experimental assistance
of B. J. Drummond. The ribbons were prepared by W. E.
Rollins.

REFERENCES

[1] T. Mizoguchi, K. Yamauchi, and H. Miyajima, “Ferromagnetism.

of Amorphous Iron Alloys,” in Amorphous Magnetism, H. O.

(2]
131
{4

s

{6

{7

(8

(18]

(19]

(20]

(21]

991

Hooper and A. M. deGraaf, Eds. New York: Plenum, 1973, pp.
325-330.

——, “Amorphous Magnetism of Transition Metal Alloys,” in
Proc. Int. Conf. on Magnetism, Moscow, 1973, pp. 54-58.

R. C. Sherwood er al., “Ferromagnetic Behavior of Metallic
Glasses," AIP Conf. Proc., Vol. 24, pp. 745-746, 1975.

R. Hasegawa and J. A. Dermon, “Electrical Resistivity and
Curic  Temperature  of Amorphous (Fe-Ni)-P-C Alloys,”
Phys. Letr., Vol. 42A, pp. 407-409, 1973.

K. Yamauchi and T. Mizoguchi, “The Magnetic Moments of
Amorphous Metal-Mctalloid Alloys.” J. Phys. Soc. Japan,
Vol. 39, pp. 541-542, 1975.

J. Durand, “Concentration Dependence of the Magnetic Proper-
ties in Amorphous Fe-P-B Alloys,” IEEE Trans. Magn., vol.
MAG-12, pp. 945-947, 1976.

H. S. Chen, “Effects of Composition and Structure on Magnetic
Properties of Amorphous Fe-P-C Alloys,” Phvs. Srat. Sol.,
Vol. A17, pp. 561-566, 1973.

H. H. Lieberman and C. D. Graham, Jr., *‘An Apparatus and Tech-
nique for Producing Metallic Magnetic Amorphous Ribbon,”
IEEE Trans. Magn., vol. MAG-12, pp. 921-923, 1976.

G. S. Cargill, 111, “Structure of Metallic Alloy Glasses,"” in Solid
State Physics, Vol. 30, H. Ehrenreich. F. Seitz, and D. Turnbull,
Eds. New York: Academic, 1975, pp. 227-320.

R. P. Elliott, Constitution of Binary Alloys, First Supplement.
New York: McGraw-Hill, 1965, p. 872.

L. Pauling, The Nature of the Chemical Bond, 3rd ed. Ithaca,
NY: Cornell Univ. Press, 1960, p. 246.

Allied Chemical Co., Preliminary Data Sheet, METGLAS0
ALLOY 2826, 2-15-76. -
Allied Chemical Co., Preliminary Data  Sheet, METGLASQ
ALLOY 2605, 2-18-76.

S. €. H. Lin and P. Duwez. “Structure of an Amorphous FePC
Alloy," Phys. Stat. Sol., Vol. 34, pp. 469-474, 1969,

N. Kazama, M. Kameda, and ‘1. Masumoto, “*Magnctic Properties
of I'e and Co Based Amorphous Alloys,” AIP Conf. Proc., vol.
34, pp. 307-309, 1976.

C. C. Tsuei and H. Lilienthal, *‘Magnetization Distribution in an
Amorphous I'erromagnet,” Phys. Rev.. Vol. B 13, pp. 4899-
4906, 1976.

R. Hasegawa, R. C. O'Handley, and L. I. Mendelsohn, **Advances
in Yerromagnetic Mctallic Glasses,” 4/P Conf. Proc., vol. 34,
pp. 298-303, 1976.

R. Hasegawa, “Magnetization, Anisotropy, and Coercivity of a
Glassy Metallic Alloy,” AIP Conf. Proc., Vol. 29, pp. 216-217,
1975.

R. Hasegawa and R. C. O’Handley, “Magnetization in Some Iron-
Base Glassy Alloys,” Second Conf. on Rapidly Quenched Metals,
Cambridge, MA, Nov. 17-19, 1975.

J. S. Kouvel, “Effects of Atomic Order-Disorder on Magnetic
Properties,” in Magnetism and Metallurgy, A. E. Berkowitz and
E. Kneller, Eds. New York: Academic, 1969, pp. $23-575.

C. G. Shull and M. K. Wilkinson, “Neutron Diffraction Studies
of the Magnctic Structure of Alloys of Transition Elements,”
Phys. Rev., Vol. 97, pp. 304-310.




GENERAL @ ELECTRIC

TECHNICAL INFORMATION
SERIES

] General Electric Company
‘ Corporate Research and Development
: Schenectady, New York

=

AUTHOR | | sussecr o
Beckg??’f}‘}" £ L, amorphous magnetic - 78CRD111
Liebermann, HH | alloys -June 1978
"™ Replacement of Boron by Carbon P 1

in Fe-B-C Amorphous Alloys Nt aec 7
OﬂIGIIlA"N'G CORPORATE
e Metallurgy Laboratory pare e

SUMMARY

The FegyB1g-,Cx and Fe’86B14-xCx amorphous alloy
systems have been examined for 0< x <10. Curie tem-
perature, T, increased by 12°C while the magnetic mo-
ment at low temperature, og, decreased by only 1. 7%

as B was replaced by C. This moment decrease corre-
sponds to a 0.25 Bohr magneton difference between boron
and carbon. The approximately 3% increase in room tem-
perature magnetization of the Fe84B16_xC -x alloys is at-
tributable to increased T.. Annealing resulted in another
2% increase in magnetization. Coercivity, Hc, 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
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at half maximum. Amorphous alloy stability decreased -
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bility is said to be enhanced with an increased number of
alloying species. The reasons for changes in He, A/2sinf
and alloy stability are not clear.

KEY wORDS v
amorphous alloys. magnetic properties, composition-

dependent properties

Y B e w1 g

INFORMATION PREPARED FOR

Additiono! Hard Copies Available From Corporate Research & Development Distribution
P.0. Box 43 Bldg- 5, Schenectady , N.Y.,12301
Microfiche Copies Available From Technicol Information Exchange

P.0. Box 43 Bldg. 5, Schenectady , N.Y.,1230I

B e

RD-54 (10070




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, New York

A recent report1 described a large increase in room tempera-

ture saturation magnetization, o_, on the replacement of B by C

s
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.

84Ble_xcx have

been prepared in ribbon form at our laboratory and their properties

Amorphous alloys with nominal composition Fe

compared with Fe86814-xc alloys prepared at the University of

Pennsylvania. Ribbons ?abricated 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 brbken 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 crucibles.

The results of magnetic tests on all samples are shown in
Figures 1 and 2. Curie temperatures were measured with a thermo-
gravimetric 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/min. 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 results 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 T with the addition of C.

Amorphous alloy ribbons obtained from Dr. S. Hatta,l
University of Pennsylvania, were of the nominal composition
F986314-x x* 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

1 The results of annealing the

Og for many alloy compositions.
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 Oy is due to an increase in Tc‘ The change in
coercive field, Hc' with replacement of B by C is shown in Fig. 3
for samples from both sources. The five fold increase in Hc 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. Hc was reduced by roughly. the same percentage

after annealing in all of our samples.
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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/2sin6® from 0.2026 nm to 0.2050 nm was observed for the first
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 Ter 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/min. 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

o = [0-84“Fe & B d )y - xuc] 5587/M (1)

in terms of the Bohr magnetons per Fe, B, and C atom, respectively:
Mpes Mpr and u.. x is the atomic fraction of C and M the alloy
formula weight. Recall that the observed decrease in Oy is 1.7%
when 10 a/o B is replaced by C. Various assumptions may now be
made about us and then Mg = ug may be calculated. If we assume

the highest reported value Mg = |3 6, then from Eg. (1) it follows
that Hpe = 2.50 and yp = 1.85 or Mg = ug = 0.25. If we assume the
lowest reported value Mg = 0.3,3 then Hpe = 2.25 and Mo = 0.53 or
Hg = Hg = 0.23. Thus, although the wvalue of We calculated will
depend on the Mg value selected, the difference “C = Hg 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 Te- 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 H,
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 1
MICROPROBE ANALYSIS

A

Nominal Microprobe
Sample Composition Composition
No. Fe B c Fe? g cP Total
Our Samples
15H 84 16 0 83 12 0.5 95
17H 84 12 4 87 8 4.5 100
19H 84 8 8 87 4 7.1 98
Samples from University of Pennsylvania
Ul 86 14 0 78 12 5.0 95
u3 86 9 5 78 8 7.5 24
us 86 5 9 84 2 11.5 98

a. Calculated using ZAR correction procedures
b. Calculated from calibration curve
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A NEW MECHANISM FOR MAGNETIC ANNEALING
IN AMORPHOUS METALS®

J.J. Becker

INTRODUCTION

Three clearly distinguishable mechanisms can bring
about magnetic annealing effects in amorphous metals.
Two of them, pair ordering and interstitial ordering,
are analogous to the corresponding phenomena in crys-
talline alloys and requiie the presence of two kinds
of atoms. The third, which has not previously been
described, requires only one kind of atom and depends
on the random anisotropy believed to be present in
amorphous materials.

MAGNETIC ANNEALING MECHANISMS
IN CRYSTALLINE MATERIALS

In a FCC or BCC crystalline material composed of
A atoms, the substitution of a single B atom for an A
atom does not alter the symmetry, and such substitu-
tions cannot give rise to uniaxial anisotropy, Ky.
Thus, the fundamental anisotropy-bearing entity is a
pair of atoms. Magnetic annealing takes place through
preferential reorientation of pairs under the influence
of the local magnetization, as determined by the ap-
plied field. The theory has been developed in detail
by Néel(l) and by Taniguchi and Yamamoto ! The latter
assumed that the energy of two parallel neighboring
atomic moments depends on their orientation relative
to the pair axis, because of anisotropic exchange.
This "pseudodipolar" anisotropy can develop an induced
anisotropy in the material through directional order-
ing of pairs. On this model, the pair energy is as-
sumed to vary with temperature as the square of M(T),
since the time-average magnetizations of both atoms
are involved. For pair orientation, Ky will vary with
composition x as x2 for low x and will show a peak at
508. However, this expected dependenceis oftenstrongly
modified by the tendency of the system to favor like or
unlike atom pairs, leading to clustering or intermetal-
lic cospound formation. Corrections for these tenden-
cies have been calculated by Iwata(3.,4) and may be of
substantial magnitude.

A single interstitial atom placed between two
magnetic atoms defines a unique direction and can thus
contribute to Ky. Again, assumption of a pseudodipolar
magnetic energy leads to an M2 dependence. However,
the composition dependence should be linear in the in-
terstitial species. This is difficult to verify di-
rectly, as measurements in crystalline Fe-C or Fe-N
alloys must be made below room temperature because of
rapid diffusion, and the range of compositions avail-
able is small.

In more complicated structures, such as ferrites,
an atom may see local uniaxial symmetry. For example,
the four <111> directions passing through an octahedral
site may not be equivalent. Other atoms will see other
locally unique <111> axes, so that the overall cubic
symmetry is preserved. However, preferential occupa-
tion of such sites, as by cobalt in field-annealed
cobalt-substituted magnetite, can bring about an over-
all K. (5) Being a single-atom effect, it should have
a linear composition dependence in a crystalline ma-
terial. Experimental results on ferrites(®) show both

*Supported in part by the Office of Naval Research
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a linear and a quadratic term, the latter attributed to
pair orientation.

THE SINGLE~-ATOM MECHANISM IN AMORPHOUS MATERIALS

The ferrite mechanism described above is substitu-
tional but involves only single atoms because of local
low symmetry. We point out here that a single~atom
mechanism can also be responsible for magnetic anneal-
ing effects in amorphous metals because of their local
anisotropy. (7)

Each magnetic atom in an amorphous structure sees
a local positive or negative uniaxial anisotropy, Ka,
reflecting the way in which it fits into its local
site because of the amorphous counterpart of the crys-
tal field of its neighbors. These local axes will be
randomly distributed in direction throughout the struc-
ture, giving no net macroscopic anisotropy, but contrib-
uting importantly to the magnetic behavior.(7) This K,
provides a mechanism for magnetic annealing effects.
It is here assumed to be everywhere of the same magni-
tude, but randomly distributed in direction. If a mag-
netic atom is replaced by another kind of atom or by a
vacancy, the remaining atoms now have a net positive or
negative anisotropy in the direction of the local axis
of the replaced atom. In a material initially composed
of A atoms, with (Ka)a > (Ka)p, one can establish a par-
ticular macroscopic easy direction by replacing A atoms
whose axes are nearly normal to the preferrred direction
with B atoms. If the alloy is initially B, A atoms can
replace B atoms whose axes are in the preferred direc-
tion. To outline the calculation: since the exchange
is much stronger than the anisotropy, (7) the moments
are practically parallel, and the anisotropy energy
associated with M in some direction, ¢ = 0, is

m/2
- f (Ka)p cos? ¢ - 27 sind d ¢
0

which is -2m(K,) /3, independent of direction. If now
the integration upper limit is changed to m/2 - €, cor-
responding to the substitution of B atoms with (Kg)p =
0 for those with axes between T/Z and T/2 - €, the
value of K, is 3/2 times the difference between this
energy and the energy the remaining A atoms would have
if they were completely randomized. Its composition
dependence is slightly skewed, with a maximum near

xg = 0.6, and is linear near both xg = 0 and xg = 1.
The generalization to arbitrary values of (Ka)p and
(Ka)p is clear. This type of dependence comes about
because of the geometry of the situation; as each atom
is replaced, the next available one is slightly le's
favorably oriented with respect to the preferred di-
rection.

In this model there is no attempt or need to cor-
rect for the tendency to favor like-atom or unlike-atom
pairs.

COMPARISON WITH EXPERIMENT

These ideas were applied to some experimental re-
sults of Luborsky and Walter on (Fe,Ni)goB,, ailoys(8)




and (Fe,Ni)a?P“Bs alloys, (9)which they interpreted on
a pair-ordering model. Luborsky and Walter's magnetic
annealing data are reproduced in Fig. 1, from Refer-
ence 8, and Fig. 2, from Reference 9. In these refer-
ences the K, at various temperatures were replotted as
K',, versus composition, where

K'y = Kud/ (Mgig)2 (Mpito) 2

where 6 is the annealing temperature, T the measuring
temperature, and Mg and Mg the magnetizations at 0,

T, and O K. For the (FeyNij.y)g,B,qn alloys, this pro-
cedure brought the points at each temperature close to-
gether and resulted in a maximum induced anisotropy at
y = 0.5, as predicted by directional order theory, but
with a composition dependence corresponding to a sub-
stantial tendency toward like-atom clusterin%, based
on the calculations of Iwata for FCC alloys. 4) The
values of K'y for the (Fe/Ni;_ ,)goP)4Bg alloys still
showed a considerable spread ag each composition, a
peak at about y = 0.9, and a large contribution at
y = 1.0, for which pair ordering would have no ex-
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
iron content of amorphous Fe-Ni-B alloys annealed
at different temperatures.
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Fig. 2 Maximum induced anisotropy as a function of
iron content of amorphous Fe-Ni-P-B alloys annealed
at dif7erent temperatures.

These results are reinterpreted on the single-atom
model. It is assumed that all the atoms except boron
are on a dense-random-packing-of-hard-spheres (DRPHS)
network, with the boron occupying interstitial holes. (10)
It is also assumed that, since the anisotropy of each
atom comes from nonmagnetic forces associated with the
way it fits into the rest of the structure, it might be
more appropriate to make the temperature correction lin-
early in M(T) rather than quadratically. Indeed, this
works better. The average spread of the points for each
composition in the (FeyNij.y)ggByo alloys is only about
65%0f what it is when M2is used. For (FeyNi]-y) 80P14B6
itis only55%. Whenthis isdone for the (FeyNi).-y)80B20
alloys, as shown in Fig. 3, the results at each composi-
tion are brought together, and the composition dependence
agrees qualitatively with that predicted. The small
effect at y = 1.0 is not directly explicable but could
be due to some interstitial B or to vacancies in the
DRPHS.

x 106
5.0 5

Kq = KeB/(Mg /Mg)My/Mg)

Ioe (N3 L 1 I o 1 l 1

0
0.2 0.4 0.6 08

y IN (FoyNij-y) g0 B2o

Fig., 3 Maximum induced anisctropy corrected for an-
nealing temperature and magnetization for Fe-Ni-B
alloys. Solid line is proportional to calculated
composition dependence for (Ka)Fe < (Ka)yj)-

1.0

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
network. Accordingly, theresults for (FeyNij_y)goP 4Bg
have been plotted in Fig. 4 on a modified composition
scale that includes the P. Both the temperature cor-
rection and the composition dependence seem reasonable.
The fact that Fe-only alloys can be magnetically an-
nealed is simply a consequence of the presence of sub-
stitutional P on the DRPHS.

In Figs. 3 and 4, the calculated curve, with its
maximum near x = 0.6, corresponds to the case when
(Ka)Fe is less than (Ka)y; or (Ka)p. Since (Ka)p is
0, this implies (Ky)pe < O, each Fe atom having local
easy-plane anisotropy.

Since this model does not involve atom pairs, there
is no correction in either Fig. 3 or Fig. 4 for ordering
or clustering tendencies. It should be emphasized that
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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 (Kz)pe < (Ka)p or
(Ka)Ni-

for (FeyNij_y)goByo the curves and data points are
much closer together than the fit to the uncorrected
composition dependence from pair theory. (8) For

(Fe il_y)goP$435 the pair theory analysis does not
work at all. (9)

SUMMARY 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 anisotropies.

2. The composition dependence predicted by this
model agrees well with results on Fe-Ni-B and 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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