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Metal amorphous nanocomposite alloys, with compositions (Fe;oNisg)go-xNb4SizB14TEx (0 < x < 5), where TE is
a transition element, and (Fe;oNisg)go-yNb4ySi>B14 (0.5 <y < 2) were synthesized. Samples were annealed at
440 °C and strain-annealed at 440 °C and 300 MPa. Resistivity was found to increase with small substitutions
of TE elements. Increasing V resulted in reduced B, from 1.2 T to 0.5 T. Further Mo additions lowered B; to
0.6 T, and consistently reduced the permeability. For Cr and Nb, resistivity increased, and strain-annealed perme-
ability was lower than the annealed permeability. Lastly, toroidal core losses on (Fe;oNizg)795Nb4Si>B14V; yielded
W1.0/400 = 2.1 W/kg, and W1.0/1 k = 6.0 W/kg.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Metal amorphous nanocomposite (MANC) soft magnetic materials
(SMM) promise increased efficiency and offer alternatives to reduce
rare-earth (RE) metal use for electric motors. Recent hybrid motor
designs, based on parallel path magnetics technology (PPMT) employ
a RE permanent magnet as the rotor and cheaper high induction
soft magnetic material as the stator [1,2]. A hybrid motor design based
on RE-free permanent magnets and doubly salient stator and rotor
as recently been reported with high power densities enabled by
MANCs [3]. Laminated silicon steels have been traditionally used as a
SMM in stators but newer materials can reduce motor size [1-3].
Recently developed advanced MANCs [4] can have usable peak induc-
tions comparable to Si-steels with resistivities [5] that allow high
switching frequencies required for high torques. High inductions and
high frequency switching allows motor size reduction minimizing vol-
ume and weight, enabling new high efficiency motor topologies. This
is leveraged on property improvements in MANCs targeting 1-10 kHz
frequencies in geometries amenable to stators in high-speed motors
[1,2]. While new MANC motors [1,2] consider Co-based MANCs due to
the high temperature stability and attractive mechanical properties,
lower cost substituents [6] and replacement of Co by Fe-, Ni-, and/or
FeNi-based materials may significantly impact the economics of such
motors [3].

In electric motor applications, high saturation inductions are desired,
and in AC applications, high permeability and low switching losses are
critical. Low switching losses allows for high frequency switching,
which in turn allows motor size reduction while maintaining power
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output. One of the main sources of loss is from classical eddy currents.
This power loss can be expressed:

P, = bf*B? (1
where the b prefactor is:

(m- 1)
p

b=

(2)

In Eq. (1), fis frequency and B is saturation induction. In Eq. (2), t is
laminate thickness, and p is resistivity. It is clear that in order to mini-
mize losses, small thickness and high resistivity are required. The
other two sources of losses are hysteretic and anomalous eddy current
losses. These three sources can be combined and mathematically repre-
sented by the well know Steinmetz 7] equation:

P = kfBL, 3)

where k, o, and {3 are fitting parameters, f is frequency, and B, is the
maximum induction.

The need to increase resistivity for use in AC currents is what origi-
nally prompted the development of Si-steels [8] which have typical re-
sistivities around 50 pQ-cm [9]. Si-steels are typically run at frequencies
up to 400 Hz, above which different materials must be used. MANCs
provide higher resistivities due to the residual amorphous phase, and
this allows their use in the kHz frequency range. Beyond the resistivity
gains from the amorphous phase, a further method of increasing the re-
sistivity of an alloy is by adding virtual bound states (VBS).
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VBS additions have shown resistivities of 180 puQ2-cm [10] in FeCo-
based alloys, and have enhanced the resistivity and altered the magnetic
properties of Co-based nanocomposites [11]. VBS theory describes a di-
lute transition element (TE) d-electron as it moves through the Fermi
energy of a parent alloy comprised of late transition metals (TL), and
is added to empty spin states [12,13]. Each TE atom will make contribu-
tion to the empty TL 3d states. This will have the side effect however
of lowering the saturation induction of the alloy. The VBS TE atoms
generate perturbing energy wells that scatter conduction electrons,
thereby raising the resistivity. Impurity VBS have been described with
a Lorenzian density of states (DOS) function:

5 A
gi(e) = Em (4)
- ﬁgh@d) (5)

where A is the resonant state broadening, g, is the host DOS, g4 is the
impurity d-state energy, and V is the free electron scattering potential.
In this work, we examine the effects of adding V, Cr, Mo and additional
Nb to (Fe;oNi3g)g0Nb4SizB14 on resistivity, crystallization products, and
magnetic properties.

Ingots with composition of (Fe;oNizg)go.xNb4SizB14TEx (0 < X < 5),
(TE = Cr, V, Mo), and (FeoNiz0)so-yNb4+ySi>B14 (0.5 <y < 2) were pro-
duced by melting stoichiometric amounts of the constituent elements
(purity of at least 99.8%) in a Miller arc-melter. The glass former compo-
sition was based on early transition metal [14] and metalloid [15]
optimization. The ingots were cast into a ribbon using planar flow
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casting with an Edmund-Buhler Melt Spinner SC outfitted with a Cu-
alloy wheel with an Ar atmosphere. The ribbons were determined to
be amorphous by first employing a bend test of ductility [16] and then
by XRD using a PANalytical X'Pert PRO. Strain annealing was accom-
plished by suspending the ribbon through a Thermolyne tube furnace
with a set point of 440 °C and with a load hanging from one end. The
load was such that the applied stress was 300 MPa. Magnetic hysteresis
was measured with a Laboratorio Elettrofisico Single Strip Tester with a
maximum field of 500 A/m for most samples. The B-H loops were mea-
sured at 50 Hz. Crystallization products were determined using the
PANalytical X'Pert PRO XRD on the air side of the ribbon. A toroidal
core was wound, and annealed at 440 °C. Losses were then measured
on a Laboratorio Elettrofisico Hysteresisgraph with a variety of maxi-
mum inductions and frequencies. Transmission electron microscopy
(TEM) experiments were performed using a High Angle Annular Dark
Field Detector in a Tecnai F20 operating at 200 kV. Cross-sectional
TEM samples spanning from the ribbon surface and into the bulk were
prepared by standard Focused Ion Beam lift-out procedures from the
wheel side of the ribbon.

Resistivity as a function of nominal % V, % Cr, % Nb, and % Mo is illus-
trated in Fig. 1. From the V series, it can be seen that resistivity initially
increases with increasing V. From 1% V to 3.5% V, the resistivity remains
constant within the error of the measurement. Above 3.5%, resistivity
increases again, however, as discussed below, this increase is accompa-
nied by a significant worsening of magnetic properties. Analyzing the V
series using a three phase resistivity model [5], it is likely that the V is
initially concentrated in the dispersed crystalline phase, which causes
the initial resistivity rise. Once the crystal resistivity is comparable to
or above the resistivity of the shell and amorphous phase, the resistivity
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Fig. 1. Resistivity of V, Cr, Nb, and Mo series.



N. Aronhime et al. / Scripta Materialia 169 (2019) 9-13 11

- == annealed
. s | — strain-annealed
5 120x10
®©
N
2 100
7]
C
2
€ 80
60 —
30
(a)
110 x10°
100 —
—~~
=3
8 %7
> 80 —
2]
c 70 —
)
2
= 60 —
50 { Moo s SR
T T T T T l
30 40 50 60 70 80
(c) 20 (deg.)

Y

-y

IS)

x

A

o

w

|

100

Intensity (a.u.

120 x10°
110 -
100 -

90 |
80 |

70 —

Intensity (a.u.)

60 —

~a
e

T T T T T 1

60 70 80

50
(d) 20 (deg.)

Fig. 2. XRD of V5, V5, Moy 5, and Mos.

remains constant as it is controlled by the amorphous phase and shell
structure. The final rise in resistivity is postulated to be tied to the
crystalline phase saturating with V, causing additional V to reside in
the amorphous phase, further increasing the resistivity. The Cr and Nb
series are both similar to the V series in that resistivity peaks at 1%,
followed by a relative plateau beyond that. However, since the base
alloy already has Nb in it, we expect any additional Nb to reside in the
shell phase and/or the amorphous matrix.

In the Mo series, the resistivity increases with increasing Mo until 3%
Mo, and then decreases. However, the as-cast Mo alloys have nearly
constant resistivity. Since Mo is a large atom, it is expected to have
low solubility in crystalline Fe-Ni, and will therefore accumulate in the
shell structure around the crystals after annealing as is seen for other
MANC growth inhibitors.

There has been significant work in other MANC systems tuning the
growth inhibitor species and concentrations to optimize properties.
For example, in FINEMET systems, Nb and several other early transition
metal species have been attempted including Mo, Ta and W [17]. It was
concluded that alloys with Nb exhibited the best soft magnetic proper-
ties, in alloys with crystal size <40 nm, thereby minimizing the coerciv-
ity. Partial replacement of Nb with Mo in FINEMET type compositions
was found to increase Hc [18,19]. Similarly, with HITPERM alloys and
with Co-based alloys, Hc was lower with Nb rather than Zr or Hf used
as the glass former [20-24].

It is also worth considering how these atoms effect the Fe phase di-
agram at elevated temperatures. Ni, Co, V, Cr, Mo and Nb are all alloying
elements known to expand the y-loop in iron and steels. The binary Fe-
Co system exhibits a continuous y-phase field for temperatures in ex-
cess of ~950 °C [25,26]. The binary Fe-Ni system exhibits a continuous
v-phase field for temperatures in excess of ~912 °C. For Ni concentra-
tions in excess of ~20 at.% the y-phase is stable to temperatures below
600 °C [27]. However, the y=>« phase transformation is sluggish and a
metastable y-phase can be retained for much lower Ni concentrations
even in nanostructures [28]. Typically solubilities of 2-3 at.% for V, Nb,
Mo and 10-11 at.% for Cr, are possible in equilibrium as maximum
solubilities (at temperature in excess of 1000 °C) in the y-loop.

In the ternary Fe-Co-V system exhibits a continuous disordered o-
phase field for temperatures in excess of 630 °C for 3 at.% V, giving evi-
dence to the role of V as a stabilizing the disordered bcc phase in Fe-Co
alloys and to the range of V solubility in the high temperature y-phase
[29,30]. A similar role in close-packed Fe-Ni phases would also retard
ordering and provide VBS scattering both of which increase resistivity
subject to solubility limits [12]. Mo is well known trace alloying addition
to permalloys and Fe-rich, y-FeNi nanoparticles [31].

X-ray diffraction scans of (FE70Ni30)79_5Nb4SizB14V'5, (Fe70Ni30)
75Nb4Si,B14Vs,  (FezoNisg)79.5NbsSioB14Mos, and  (FesoNis)
75Nb4Si;B14Mos can be seen in Fig. 2. In general, there is no appreciable
difference between annealed and strain-annealed scans. The main peak
at 52° is an overlap of the residual amorphous phase, and fcc [111].
However, a small fcc [002] peak is also observed. The XRD scans for
the Crand Nb series are nearly identical, with a broad mixed amorphous
and [111] peak, and a small fcc [002] peak observed.
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Fig. 3. Toroidal core losses in (Fe;oNizg)79Nb4SizB14V;.
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Surface Oxide

Fig. 4. Cross-sectional STEM images prepared for an (Fe;oNizo)goNb4Si;B14 MANC alloy after a 440 °C annealing treatment on the wheel side of the ribbon. a) Wheel side surface illustrating

surface oxide layers of ~15-100 nm in thickness depending on the location.

Permeability was measured for all annealed and strain annealed
samples. It should be noted that previous permeability measurements
of the base alloy yielded p of 4000 and 16,000 for annealed and strain-
annealed treatments respectively [32]. The addition of VBS elements
quickly changes this trend of increasing L. with strain-annealing. In
fact, in almost all the samples tested, permeability is lower for the
strain-annealed sample than for the annealed sample. This is likely due
to changing the magnetostriction coefficient, N, which is often a metric
for the sign and magnitude of the strain-induced anisotropy associated
with residual stresses present after primary crystallization in BCC-
based MANCs [33]. In previously studied FCC Co-based MANCs'! large
decreases in permeability to as low as ~5 are observed and associated
with sizeable anisotropy induced by growth faults and attributed to the
role of VBS elements in reducing the stacking fault energies in Co. Such
a phenomenon is not observed in FeNi-based MANCs and while strain
annealing reduces permeabilities, they remain above 2000. It is antici-
pated that at higher frequencies the benefits of reduced eddy current
losses may outweigh loss in permeability in motor applications. It is
worth noting that the mechanism of permeability tuning in these Fe-Ni
alloys is unknown and is under investigation.

Increasing permeability would be indicative of parallel (along the
ribbon direction) induced anisotropy, while decreasing permeability is
indicative of transverse induced anisotropy. In the V series, once V
exceeds 3%, the saturation induction, B, is reduced to 0.5 T, from an
induction >1 T in the base alloy. In addition, there is a significant increase
in the coercivity at 5% V. In the Mo series, Bs decreases from 3% Mo to 5%
Mo to a minimum value of 0.6 T. However, there is no appreciable change
in the coercivity. Likewise in the Cr and Nb series, there was no change in
coercivity.

Toroidal losses were measured on (Fe;gNizg)79Nb4Si;B14V, due to its
high resistivity and high induction. Losses at six frequencies as a func-
tion of induction can be seen in Fig. 3. The k, o, and {3 values range
from 2 to 2.6, 1.15-1.25, and 1.5-2.5 respectively. The losses at 1 T,
400 Hz and 1 kHz are comparable to recently published Fe-based
MANC losses [34], and are significantly lower than 3% Si-steel [35,36]
and 6.5% Si-steel [36]. However, these losses are somewhat higher
than Metglas 2605SA1 [34], (Fe;oNizg)soNb4SizB14 [32], and another
Fe-based MANC, FEgng7B4 [35]

In addition to the electrical conductivity within the ribbon plane, an-
other source of eddy current losses is observed in tape wound cores when
significant electrical conductivity exists between adjacent laminations.
Additional insulation layers are not typically introduced on the surface
of commercially available MANC alloys. However, electrical insulation re-
sults from the presence of a native oxide layer which forms during the
rapid solidification and subsequent annealing stages. An example of the
native oxide which forms on the wheel side of an (Fe;oNizg)goNb4SizB14
alloy is presented in Fig. 4a showing an ~15-100 nm surface oxide

which varies in thickness across the ribbon surface. In the bulk of the
ribbon, the expected nanocrystalline microstructure is clearly observed
as shown in Fig. 4b.

Metal amorphous nanocomposite alloys were made of composition
(Fe70Niz0)s0-xNb4SizB14TE (0 < x < 5) and (FezNizo)go-yNDsySizB14
(0.5 <y <£2). Samples were annealed at 440 °C and strain-annealed at
440 °C and 300 MPa. Resistivity was found to increase with small
amounts of TE elements. For V, further increases resulted in reduced
Bs from 1.2 T to 0.5 T, lower permeability, and higher Hc. For Mo, further
additions lowered Bs to 0.6 T, and consistently reduced the permeability
of strain-annealed ribbon, but had a smaller effect on the permeability
of annealed ribbon. For Cr and Nb series, resistivity increased, and
strain-annealed permeability was lower than the annealed permeabil-
ity. There was no systematic worsening of Bs or Hc. XRD scans revealed
residual amorphous phase, and fcc Fe-Ni peaks. Lastly, toroidal core
losses on (Fe7oNi3o)7g_5Nb4si2B14V1 ylelded W1.0/4oo =21 W/kg, and
Wi o1k = 6.0 W/kg, slightly larger than alloys without V.
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