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Thermocalc simulations identified compositions with good glass-forming ability (GFA) by locating
minima in liquidus temperature, and solidification range in (Fe,, Ni5,),(B-Si-Nb), .., alloys with x=82%
and x=85%, increased compared to previously developed x=80% alloys. 3 compositions in the x=82%
system and 1 in the x=85% system were successfully cast as amorphous magnetic ribbon. Magnetic
properties of as-cast alloys showed improvements in Curie temperature and saturation induction,
especially for the 85% alloy. Crystallization behavior in the 85% alloy was determined to occur as a 2-step
process. Annealing studies showed (Fe,(Ni;,)5,Nb,SiB;¢ and (Fe,oNizo)g,Nb;SiyB; s alloys to exhibit low
coercivity and high B, with annealing. TEM results show significant crystallization in as-cast ribbon.

The (Fe,oNi;g)gsNbg 5SigB, 4 5 alloy as-cast has small, uniformly distributed grains, allowing a useful
nanocrystalline alloy to be produced as cast. Finally, the parameter AT, , the temperature range in which
the material can be thermomechanically processed, was in the range of 12-23 °C.

An estimate by the International Energy agency puts the electri-
cal consumption by electric motors at ~46% of the world total,
accounting for 6040 MT of CO, emissions [1]. As such, improv-
ing the efficiency of electric motors is a high priority. Iron losses,
or losses within the magnetic core, which include eddy current
and hysteresis losses, account for a significant portion of the
total losses in a magnetic component, so reducing these losses
is the subject of much effort [2].

Increased use of electric motors in vehicle applications
demands improvements in power density as well as efficiency
compared to existing motor designs. One way of improving
power density is by using amorphous magnetic ribbon (AMR)
or metal amorphous nanocomposite (MANC) materials, which
allows higher switching frequencies. Since motor power density
scales with speed, improved switching frequencies allow power
density to be increased. These materials have very low coercivity,
which reduces hysteresis loses, and the presence of a residual
amorphous phase reduces eddy current losses by increasing
electrical resistivity. Additionally, the thin nature of these mate-
rials, which are typically produced as 15-25 um ribbons, further
reduces eddy current losses. The losses in a magnetic material

are given by the Steinmetz equation [3]:
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where P; is core loss; k, a, and f§ are fitting parameters [3, 4].
A(pysy is the area of the B-H loop, d is material thickness, and
p is electrical resistivity. Hysteresis loss increases linearly with
frequency. Classical eddy current loss scales as the square of the
frequency, so in higher frequency applications, low eddy current
loss becomes increasingly important.

Unfortunately, all commercial and experimental MANCs
produced until now have shortcomings that prevent their use
in electric motor applications. Fe-based MANCs, known com-
mercially as FINEMET, have excellent magnetic properties but
are extremely brittle, making them unsuitable for high-speed
motors [5]. Fe-Co-based materials, known as HITPERM, have
very high saturation inductions (B,) and Curie temperatures, but
high magnetostriction coeflicients contribute to high hysteresis
losses and magnetostrictive noise [6]. Co-based alloys have low
losses and good mechanical properties, but saturation induction
is limited to~1 T [7, 8] and alloy components are expensive
[9, 10]. Recently developed Fe-Ni-based MANCs show excel-

lent magnetic softness, high Curie temperature, and improved
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mechanical properties. Saturation inductions remain limited
to~12T [3,11].

Several studies have explored using MANC:s for electric
motors. Silveyra et al. [12, 13] simulated and built motors using
Co-based MANC:s, which showed significant reduction in size
and power loss. Simizu et al. [11] demonstrated a flux switch-
ing motor using the newer Fe-Ni-based MANC, demonstrating
high power density and low loss. However, all of these designs
could be further improved in power density with increased
saturation induction of the material. These motors are hybrid
motors which also include permanent magnets in the stators.
Both rare-earth-free and rare-earth-lean permanent magnets are
being considered to improve power densities without use of the
most expensive rare-earth magnets or rare-earth magnets at all.

One factor limiting saturation induction in MANC:s is the
necessity of glass formers, since these materials are initially pro-
duced by rapid solidification, and sufficient glass-forming abil-
ity (GFA) is necessary to form the amorphous precursor. Glass
formers degrade magnetic performance by reducing content of
magnetic elements. Recent studies have explored improving B
by increasing the percentage of magnetic elements. It was noted
that additions of P [14, 15], P and C [16-19], and other alloying
additions [20] allowed the total percentage of magnetic elements
to be increased in Fe-based alloys to as high as 85%, resulting
in significant increases in B, without loss of GFA. However, no
such work has been done on the Fe-Ni-based MANCs.

The proportions of the glass-forming elements are often cho-
sen by trial and error, and optimization of glass former composi-
tion may allow increase in magnetic element content. Systematic
studies of glass former variations have been made in FeCo-based
metallic glasses where reduced metalloid glass former content
was shown to increase magnetic inductions [19]. Similar studies
on reduced early transition metals [20] showed similar results.
It has been noted early in the history of amorphous alloy devel-
opment that alloys with minima in liquidus temperatures have
better GFA, especially eutectic or near eutectic compositions.
Thermodynamic calculations have been performed previously
to identify compositions with minima in liquidus temperatures
in a given composition range [21-23], but these calculations
are complex to perform. Zhang et al. [24] have used Thermoc-
alc software to calculate liquidus temperature for bulk metallic
glass alloys over a 3 component space and identified minima
in liquidus temperature. This study additionally calculated the
solidification range, which is defined as the difference between
solidus and liquidus temperatures, and alloys showing minima
in both liquidus temperature and solidification range were iden-
tified as having good GFA. Recently, Krimer et al. [25] have
further explored the use of Thermocalc software to locate near
eutectic compositions with maximum GFA in a given soft mag-
netic glass-forming system. Simulations were also conducted on

alloy systems with 82% and 85% magnetic elements. It was noted
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that this resulted in a significant shrinkage in regions with good
GFA, though both systems had a composition range in which
good GFA was expected. In this study, alloys in these composi-
tion ranges will be explored.

In addition to good GFA being necessary to produce an
amorphous material, higher GFA is correlated to a higher value
of the parameter AT,, =T, — T, [26], which is necessary for ther-
momechanical forming and hot stamping of the material. Below
T, the material is incapable of homogeneous deformation, while
above T,, the material crystallizes into a brittle nanocrystalline
structure. Within that temperature range, the material is capa-
ble of viscous flow with very large strains [27, 28]. Maintaining
good GFA will result in a high AT, value that will allow reduced
die wear in stamping the many layers necessary for a motor
core. The thin nature of the amorphous ribbon, as well as its
extreme hardness, currently prevent large-scale manufacturing
of MANC-based motors, since potentially thousands of layers
need to be cut and stacked, resulting in excessive tool wear [29].
Prototype MANC-based motors have been successfully built,
however [12, 30, 31]. Silveyra et al. [12] cut the individual layers
by laser cutting, but large-scale production will use stamping,
requiring enhanced formability. Die wear in stamping processes
promises to provide less wear if an amorphous material with
good GFA can be softened prior to the stamping operation. In
reducing the amount of the growth inhibitor glass formers, one
must be cognizant of their role in inhibiting grain growth [32]
and providing virtual bound states which increase electrical
resistivity. [33]

In summary, some current MANC materials have good
mechanical properties, low losses, or high saturation inductions,
but not all three. Successful implementation in electric motor
applications will require a combination of these properties.
Additionally, a sufficiently large AT, value will be necessary to
allow stamping and thermomechanical forming of motor lami-
nations. The aim of this work is to develop a material possessing

all of these properties.

Figure 1a and b shows the results of the Thermocalc simulation
for the x=82% alloy system, with dots showing alloys that were
produced. A region with a clear minimum in liquidus is seen at
15-17% B and 0-5% Si. The corresponding minimum in solidifi-
cation range is small, as seen in Fig. 2b. The 3 compositions were
all successfully cast as continuous ribbon. Figure 1c and d shows
Thermocalc results for the x=85% alloy. As seen in the figure,
the region with a minimum in both liquidus and solidification
range is small. Nevertheless, a single alloy was successfully cast
and confirmed to be amorphous by a bend test. All ribbons were
determined to be 18-20 um thick. The ribbons were confirmed

to be mostly amorphous, with XRD results showing a broad

www.mrs.org/jmr

Issue8  April 2021

Volume 36

Journal of Materials Research

1667



\

Y

Journal of
MATERIALS RESEARCH

m

a Liquidus Temperature (K)

18.0 1620
- 1600
1580
14.0
1560
12.0
[0} 1540
g 100 1520
@
@ 80 1500
(=3
= 1480
6.0
1460
4.0
1440
20 I 1420
0.0 1400
0020406.08010012.014.016.018.0
A Mole percent Si 1380
Liquidus Temperature (K
& d P (K) 1570
14.0 1560
1550
12.0 1540
1530
10.0 1520
o 1510
[ 4
S so 1500
a 1490
o
2 60 1480
1470
40 1460
1450
20 1440
1430
00
00 20 40 60 80 100 120 140 1420
A Mole percent Si 1410

18 L Solidification Range (°C)
om
3
0 2 4 6 8 10 12 14 16 18
% Si
d

Solidification Range (°C)

233
208
183
157
132
106
81
55

30

% Si

Figure 1: (a) Liquidus temperature and (b) solidification range of the x=82% alloys. (c) Liquidus temperature and (d) solidification range of the x=85%

alloys.

amorphous peak (Fig. 2). However, all samples showed some
evidence of crystallinity, especially in the case of the 85% alloy.
This corresponds with the low expected glass-forming ability of
this composition.

Magnetic properties are summarized in Table 1. Curie
temperatures of the amorphous phase were in the range of
407-438 °C for the x=82% alloys and 462 °C for the x=85%
alloy, showing improvement with increasing magnetic ele-
ment content. Saturation induction of the as-cast samples was
1.28-1.36 T for the x=82% alloys, and 1.48 T for the x=85%

©The Author(s), under exclusive licence to The Materials Research Society 2021

alloys. The saturation induction of the x=85% alloy shows an
especially promising improvement over the previously devel-
oped alloy and can be expected to further increase with crystal-
lization. Coercivity of all samples was in the range of 25-40 A/m.

The magnetization vs. temperature curve of the x=85%
alloy is shown in Fig. 3. The magnetization initially declines
with temperature, as the Curie temperature of the amorphous
phase is approached and then increases with crystallization. The
increase was very sharp, occurring within one increment of the

measurement.
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Figure 2: XRD results of the as-cast samples, showing a mostly amorphous

structure with some crystallinity present, especially for the 85% alloy.

TABLE1: Curie temperature,
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To the crystallization process, as well as the optimal anneal-
ing temperature, XRD was performed on samples annealed at
temperatures of 415-445 °C. The results are shown in Fig. 4a.

The material was shown to undergo a 2-step crystallization

©The Author(s), under exclusive licence to The Materials Research Society 2021
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process, with a BCC + FCC phase first appearing, followed by
more complex phases at higher temperatures. Based on these
results, an annealing temperature of 415 °C was chosen for opti-

mal magnetic properties.
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Figure4: (a) XRD results of the x=85% alloy annealed at increasing temperatures, showing a 2-step crystallization process. (b) Strip testing result of the

as-cast and annealed 3.5 mm ribbon.

TABLE 2: Glass transition and primary crystallization temperatures and
supercooled liquid range for the tested alloys.

(Fe,oNi;  (FesNi;  (FeyoNis
0)828155i O)SZB'IGSi 0)82B165i
ONbB ONbZ 'INb'I (Fe70Ni30)BSB14.5NbO.SSiO
T,(0) 420 431 421 399
T, (°C) 438 443 444 419
AT, (°0) 18 12 23 20

Figure 4b shows the strip-testing results of the annealed
and as-cast ribbon of this alloy. Saturation induction of the as-
cast alloy increased from 1.43 T for the as-cast to 1.53 T for the
annealed sample. Additionally, the B-H loop became squarer.
However, coercivity increased to 114 A/m, which is high for a
nanocrystalline material.

Glass transition temperatures, primary crystallization tem-
peratures, and AT, values are listed in Table 2. AT,, ranges
from 12 to 23 °C for the 82% alloys. For the x=85% alloy, the
temperature range is 20 °C, which should be sufficient to allow
hot stamping.

Annealing Results

The coercivity results are shown in Fig. 5. The onset of crystal-
lization line marks where the hysteresis loops become squarer
as crystallization begins. Coercivity of the (Fe,,Nis;)g,Nb,Si; B¢
alloy increases continuously with annealing, which is typical for
alloys with low Nb content due to excessive grain coarsening.
(Fe;(Nisq)5,Nb,Si B ¢ and (Fe,(Nis;)g,Nb,Si B, 5 both show a
strong dip in coercivity with annealing above the crystalliza-
tion temperatures, with the coercivity of both dropping to 16-17
A/m. The (Fe,(Nis)gsNby 5SiyB,, 5 alloy has a sharp increase in

©The Author(s), under exclusive licence to The Materials Research Society 2021

coercivity followed by a small drop upon crystallization, but
coercivity remains excessive.

Figure 6 shows the saturation induction change with anneal-
ing. The alloys all experienced a drop in saturation induction
with crystallization, which is unusual. This can be explained
by the presence of crystallization in the as-cast samples, which

means that they do not start out fully amorphous.

TEM Results

Figure 7 shows TEM results for the 4 as-cast alloys.
(Fe,(Nis)e,Nb, Si; B, was the only alloy that was mostly amor-
phous, as seen from the broad amorphous halo in the SADP.
Both (Fe,(Ni;()g,Nb,Si B¢ and (Fe,(Ni;()g,Nb,SiyB, 5 showed
larger crystalline grains more widely distributed in an amor-
phous matrix. Diffraction patterns show rings emerging, though
the structure is largely amorphous. (Fe,(Ni;,)g;Nb sSi B, s had
a nearly ideal structure with evenly distributed, sub 10 nm grains
with a clear residual amorphous matrix. The diffraction pattern
shows more strongly defined rings with a mainly FCC structure.
With only 15% glass-forming elements, (Fe,(Ni;;)s,Nb,Si,B,,
had the lowest GFA of the 4 alloys and, therefore, exhibited the
largest degree of crystallization.

Both (Fe,(Nis;),Nb,SiyB,c and (Fe,(Ni;;)s,Nb,SiyB, s as-cast
material were seen to have a bimodal grain size distribution. In
the thin part of the TEM specimens, the grain size was small,
at 5-20 nm. In the thicker parts of the specimens, some larger
grains began to appear. A sharp transition between the regions
with larger grain present and those with only small grains was
seen. These regions are near the limit of electron transparency
thickness and were very difficult to image.

Figure 8 shows TEM results for the annealed samples
from the 4 alloys. (Fe,(Ni;;)g,Nb,Si; B, had sporadically
distributed grains with large size up to 50 nm. Ideal grain
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Figure 5: Coercivity of (a) (Fe,oNizg)g,Nb;Si;B1g, (b) (Fe;oNizg)g,Nb,SigB;e, () (Fe;oNizg)g,Nb3SioB;s, and (d) (Fe,oNiso)gsNby sSigBy, 5 alloys vs. annealing

temperature.

size for MANC alloys is < 20 nm. Grains larger than the opti-
mal size will result in high coercivity. (Fe,,Ni;,)g,Nb,Si B
and (Fe,;(Ni;()g,Nb;Si B, 5 showed grains in the optimal sub
20 nm size range. The (Fe,(Ni;;)4,Nb,Si B4 alloy had more
sporadically distributed grains, while (Fe;;Ni;()g,Nb;Si B
had uniform grains with a clear residual amorphous matrix.
Both theses alloys had low coercivity of 16-17 A/m, likely
owing to the small grain size. It should be noted that the
coarse grains seen in some areas of these alloys in the as-cast
state are no longer seen. The reason for the disappearance of
these large grains is unknown. The (Fe,(Ni3;)gsNb 5SigB1, 5
alloy had the largest grain size at over 100 nm for some
grains. All samples show primarily a mixture of BCC and

FCC patterns, and a residual amorphous halo.

©The Author(s), under exclusive licence to The Materials Research Society 2021

Thermocalc results for both the 82% and 85% alloy systems
show minima in liquidus temperature, though this minimum
becomes smaller with increasing magnetic elements from 82
to 85%. The minimum in solidification range is very small for
the 82% system and nearly nonexistent for the 85% system.
Therefore, GFA was not expected to be especially good but still
sufficient to form amorphous ribbon. The minima occurred in
the highest B composition region, so these compositions were
chosen for experimental alloys.

Measurement of magnetic properties of the as-cast alloys
shows significant improvement in both T, and B compared to

the previously developed 80% alloy, which is limited to about
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annealing temperature.

370 °C and 1.2 T [3]. M vs. T measurement showed an unusu-
ally sharp increase in magnetization with crystallization, and
polymorphic crystallization was suspected. However, from XRD

results, it is evident that crystallization follows a 2-step process:

M vs. T results is the result of the low 1 °C/min heating rate
in this experiment. Based on these results, the material may
be annealed to induce primary crystallization while avoiding

secondary crystallization, which is necessary for soft magnetic

Amorphous — BCC + FCC + Amorphous — BCC + FCC + Fe3B + Fe;3Bs.

This is similar to results for the previously developed
(Fe,(Nisg)g, alloy, where annealing to induce primary crys-
tallization results in a BCC + FCC mixture, with a residual
amorphous phase [34]. Although a broad amorphous peak is
not seen in XRD results, the presence of a residual amorphous
phase is known based on the 2-step crystallization process, and
the behavior of other MANC materials [4, 35, 36]. This is also
confirmed by the presence of an amorphous halo in the TEM

diffraction images. The single-step crystallization seen in the

©The Author(s), under exclusive licence to The Materials Research Society 2021

properties. Secondary crystallization forms the 23:6 phase often
observed in other MANC alloys [37]. This phase has two distinct
crystal structures when formed with metalloids or with early
transition metals. This is attribute to the preferences of metal-
loids in special positions accommodating the smaller atoms and
for larger early transition metal atoms to occupy more spatial
sites [38].

With annealing, 2 distinct trends emerged in coerciv-
ity vs. annealing temperature. (Fe,,Ni;;)g,Nb,Si B,c and
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(Fe,oNij))g,Nb;SigB;5; showed sharp drops in coercivity
upon crystallization, achieving low coercivities that com-
pare favorably with many existing MANC materials. These
two alloys had higher Nb content. (Fe,(Ni;,)s,Nb,Si;B,, and
(Fe;oNis)gsNby 5SigB 4 5 alloys had lower Nb content, and as a
result, coercivity increased to high levels for both of these alloys
and remained high after crystallization. The high coercivity can
be explained to be the result of excessive crystal coarsening. Nb
content in these alloys is only 0.5-1%, which limits its ability to
inhibit grain growth. Nb limits grain growth by a process called

© The Author(s), under exclusive licence to The Materials Research Society 2021

soft impingement. The large Nb atoms have low solubility in Fe
and Ni crystalline grains and must be rejected to allow crystal-
lization, resulting in a shell of higher Nb content around the
grains [34]. Diffusion typically proceeds along a composition
gradient, but proximity of other grains results in the overlap of
the Nb-enriched shells, resulting in decrease in grain growth
by soft impingement [39]. Alloys with low Nb content may not
form a sufficient Nb-enriched shell to result in soft impinge-
ment. The annealing treatment consisted of 0.5 h at annealing
temperature, which gave plenty of time for crystal growth.
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A rapid annealing treatment, which will allow crystalliza-
tion to occur without time for excessive grain growth, will be
explored in future work. Rapid annealing is a technique that has
been explored for nanocrystalline alloys with low or no growth
inhibitor content [40]. It has been shown to limit grain size
below 20 nm even in alloys that completely dispense with tran-
sition metal growth inhibitors such as Nb [35, 41, 42]. Anneal-
ing, whether conventional or rapid has the additional advantage
of reducing magnetostrictive coupling to residual stress, which
lowers losses. This has been shown by Kernion et al. [43] and
Takahara et al. [44], and it has been noted that the B-H curve

© The Author(s), under exclusive licence to The Materials Research Society 2021

becomes more square when the magnetostriction coefficient is
negative. B-free Fe-based MANCs have also been studied [36].
Such alloys can also have higher inductions as well as lower costs
as B is an expensive component both pure and in ferroboron.
TEM results of the annealed samples confirm this
explanation. TEM results of the (Fe,(Ni;)g,Nb,Si B¢ and
(Fe;(Nisg)g,Nb5SigB, 5 alloys show small grains 5-20 nm in
diameter, which is ideal for optimal magnetic properties, while
the (Fe,Ni;()s,Nb,Si; B, and (Fe,Nis()gsNb, sSiyB, 4 5 alloys had
much larger grains, greater than 100 nm in the latter case. TEM

results of the as-cast alloys show that only (Fe,(Nis)s,Nb;Si;B;¢
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was fully amorphous. However, the other 82% alloys had only
a small degree of crystallization and were mostly amorphous.

The distribution as well as the exact location relative to the
ribbon thickness of the very large grains seen in the thicker parts
of the as-cast samples is unknown. They may be biased towards
the air side of the ribbon, since cooling rate on the ribbon’ air
side is lower, giving the material more time to crystallize. These
large grains may contribute to coercivity, which is confirmed by
the disappearance of these large grains in the annealed alloys
with the lowest coercivity. In future work, the alloys will be cast
thinner, in the 16-18 pm range, to reduce the presence of these
large grains and reduce coercivity in the as-cast state. Cross-
sectional TEM will also be performed on both the thicker and
thinner cast ribbons to determine the exact distribution of these
large grains.

Most interestingly, (Fe,(Ni;,)gsNb, sSigB 45 had a nearly
ideal structure of sub 10 nm grains with a uniform amorphous
matrix surrounding them. The high saturation and moderate
coercivity of the as-cast ribbon compare very favorably to other
MANC alloys. The formation of this nearly ideal structure in the
as-cast state suggests the possibility of producing useful MANC
material without requiring subsequent annealing. If coercivity
can be reduced by casting thinner ribbon, the combination of
magnetic properties and a one-step production process will
make this material ideal for large-scale motor applications.

All alloys showed a AT, of 12-23 °C, which should allow
some thermomechanical forming and stamping operations. A
more rapid heating rate will also shift Tx, to higher tempera-
tures, allowing a larger formability range. Hot stamping and

thermomechanical processing will be explored in future work.

Thermocalc simulations were used to identify compositions with
minima in liquidus and solidification range, which have good
GFA. This technique was used to identify compositions with
good GFA with higher magnetic element content. This resulted
in alloys with up to 85% magnetic elements being identified and
successfully cast. The alloys showed improvement in Curie tem-
peratures and B, especially for the x=85% alloy. Crystallization
for this alloy was shown to proceed in a 2-step process, and an
optimal annealing temperature was selected. Annealing studies
showed that the (Fe,(Nis()q,Nb,Si\B,¢ and (Fe;(Nis,),Nb;SijB,5
alloys showed excellent magnetic properties with optimal
annealing, with low coercivities and high saturation inductions.
TEM studies showed that these alloys had fine grain structure
upon annealing, especially the (Fe,,Ni;,)4,Nb;SiB;5 alloy.
Additionally, the (Fe,(Ni;,)gsNby 5Si B, 5 alloy had an excellent
structure in the as-cast state, with uniform fine grains, raising

the possibility that this alloy could be used in the as-cast state.
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As-cast saturation induction of this alloy was excellent, at 1.48 T.
The coercivity was moderately high, but this was likely due to
internal stresses and surface crystallization in the ribbon and
can be improved with better casting processes. Future work will
explore rapid annealing to limit grain growth, as well as thermo-

mechanical processing studies.

In this study, 3 alloys were produced in the (Fe,,
Nijg),(B-Si-Nb),o,_, alloy for x=282, with composi-
tions (Fe,(Nis;)g,Nb,;Si;B¢, (Fe,(Nij)g,Nb,SigBs, and
(Fe,(Nis)5,Nb;Si B,s. An additional alloy was produced at
x =285, at (Fe,(Ni;,)gsNby sSipB 4 5. All alloys were produced
by melting 3 times in an Ar atmosphere in a Centorr Vacuum
Industries Series 5 furnace, and then melt spinning in an
Edmund-Buhler Sc melt spinner. Wheel speed was 35 m/s, and
nozzle size was 1 mm. Samples were cut into 0.025-0.035 g
pieces and measured in a Perkin Elmer DSC 8500 in an Ar
atmosphere to 700 °C at a 40 °C/min heating rate to determine
Curie temperature (T,), Ty, and T,. T, measurements were
confirmed using a Quantum Design PPMS magnetometer by
heating to 800 K at 20 K/s in a 200 Oe field. PPMS measure-
ments were taken of saturation induction as well. Wider ribbon
of 3.5 mm was cast using the Edmund-Buhler SC melt spin-
ner with the wheel speed reduced to 31.8 m/s. Samples were
annealed at temperatures of 415-445 °C after encapsulation in
Ar atmosphere. XRD measurements were taken of these samples
to determine crystallization products. Strips of ribbon 150 mm
long were annealed in a carbolite furnace and tested on a Labo-
ratorio Elettrofisico Automatic Magnetic Hysteresisgraph for
saturation induction and coercivity. 3 mm disks were cut from
the as-cast and annealed ribbon and thinned by plasma ion pol-
ishing system (PIPS) for TEM. TEM imaging was done on a
Tecnai TEM with a 200 kV accelerating voltage.
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