JOURNAL OF APPLIED PHYSICS 103, 07E705 (2008)
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A new high-saturation induction, high-temperature nanocomposite alloy for high-power inductors is
discussed. This material has FeCo with an A2 or B2 structure embedded in an amorphous matrix.
An alloy of composition FesCo,4,Nb,B3S1,Cu; was cast into a 1.10 in. wide, 0.001 in. thick ribbon
from which a toroidal core of approximately 4.25 in. outer diameter, 1.38 in. inner diameter, and
1.10 in. tall was wound. The core was given a 2 T transverse magnetic field anneal, and
impregnated for strength. Field annealing resulted in a linear B-H response with a relative
permeability of 1400 that remained constant up to field strengths of 1.2 T. The core was used to
construct a 25 uH inductor for a 25 kW dc-dc converter. The inductor was rated for operation in
discontinuous conduction mode at a peak current of 300 A and a switching frequency of up to
20 kHz. Compared to commercially available materials, this new alloy can operate at higher flux
densities and higher temperatures, thus reducing the overall size of the inductor. © 2008 American

Institute of Physics. [DOI: 10.1063/1.2829033]

INTRODUCTION

Electrical conversion systems have become smaller and
lighter predominantly from advancements in active compo-
nents, which have allowed increased converter switching fre-
quencies. This has enabled size and weight reductions of the
passive components of these systems. As a result, compact
multikilowatt power converters are finding applications on
many platforms, such as hybrid electric vehicles, where
space and weight are constrained." Still, magnetic compo-
nents occupy a large portion of these converters. By reducing
the size of these magnetic components through advance-
ments in magnetic material composition and processing, sig-
nificant benefits at the power converter system level can be
realized.

Nanocomposite magnetic materials can offer a combina-
tion of properties which facilitate component size reduction.
These alloys are comprised of ultrafine nanocrystalline
grains homogeneously dispersed in an amorphous matrix.
The excellent soft magnetic properties of these materials,
such as low coercivities, high permeabilities, and low energy
losses, have triggered major interest in both fundamental and
applied researches. Applications have been identified using
the patented FeSiNbBCu and FeMBCu alloys.z’3 Other nano-
crystalline soft magnetic alloys based on the FeCo system
called HITPERM have been reported for high-temperature
application.4’5
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A new class of FeCo based experimental nanocrystalline
alloys (HTX) that exhibits high-saturation induction, high-
temperature stability, and low loss has recently been
developed.é’7 From this family of materials, the HTX 002
alloy was selected for use in an inductor for a future hybrid
ground vehicle 25 kW dc-dc prototype converter. This paper
presents the composition of the nanocomposite alloy, the ma-
terial processing of the power inductor core, and the fabrica-
tion of the inductor along with its performance in a converter
operated up to 25 kW.

MATERIAL DEVELOPMENT

A nanocomposite soft magnetic alloy
(FescC0,4Nb,B5Si,Cu;) was cast into ingots and analyzed
by inductively-coupled plasma spectrometry to confirm that
the target chemistry was achieved. The Fe:Co ratio was
maintained at 0.7:0.3 to obtain high-saturation induction. Nb
played an important role in impeding the growth of nano-
crystals and facilitated casting in air, as compared to Zr glass
formers. The ingots were then processed using planar flow
casting (PFC) equipment for remelting and ribbon produc-
tion. PFC allows direct casting of a continuous ribbon of
uniform thickness and is the only commercially viable
method of producing most amorphous and nanocrystalline
alloys, since the ribbon must be cooled quickly enough to
prevent crystallization. The PFC consists of a bottom-casting
crucible, casting nozzle, stopper rod, an in situ thermo-
couple, a variable-speed water-cooled copper alloy casting
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200 nm

FIG. 1. TEM bright field view image of the sample annealed at 450 °C for
1 h.

wheel, and an induction coil with a high-frequency power
supply. The caster operation required precise control of sev-
eral operating parameters to achieve a narrow processing
window that resulted in good quality ribbon.

The x-ray diffraction (XRD) pattern of the cast ribbon in
its nanocrystalline state after annealing amorphous precursor
at 450 °C for 1 h showed broad diffraction peaks indicating
that the ribbon was amorphous and the primary crystalliza-
tion product was a bcc FeCo lattice structure with an average
grain size of 12 nm. Figure 1 shows the transmission elec-
tron microscopy (TEM) bright field image of a sample an-
nealed at 450 °C. The differential thermal analysis (DTA)
curve for a 5 °C/min heating rate shows three crystallization
peaks. Primary crystallization began at 420 °C with a maxi-
mum at 442 °C. The secondary and tertiary crystallization
peaks were at 672 and 766 °C, respectively.

After XRD analysis, the thickness, surface smoothness,
and ductility of the ribbon were evaluated and tape cores
were wound to the desired dimensions. Each core was im-
pregnated with an inorganic binder prior to annealing to im-
part strength. In an inert atmosphere at varying temperatures,
a transverse-magnetic field, as high as 2.0 T, was used to
anneal the core. The heat rate was carefully controlled to
avoid self-heating during the exothermic crystallization reac-
tion. This annealing profile resulted in a linear B-H response
and a constant permeability of 1400 up to a field strength of
1.2 T.

The cores treated with a transverse magnetic field ap-
plied throughout the annealing cycle had lower losses and
lower remanence ratios, compared to cores annealed under a
magnetic field during the cooling portion of the cycle. These
properties, in addition to saturation induction which was
measured at a maximum of 1.47 T, were seen to be ther-
mally stable up to 300 °C. Figures 2 and 3 show power loss
versus flux density at selected frequencies and maximum
saturation flux density versus temperature, respectively.
Losses were measured to be 3.8 W/kg at 0.2 T and 20 kHz;
and 1.5 W/kg at 0.02T and 200 kHz as compared to

J. Appl. Phys. 103, 07E705 (2008)

—&— 10 kHz —e— 50 kHz —&— 200 kHz
1000 —ap— 20 kiHz —e— 100 kHz —¥— 500 kiHz
= /'l ~ — 7 7
o d P
e A
é 100 ,z/ / P P
3‘ P g '/'I l -
K= - AT 7 119
E 10 = pa . p. /] ,’é
2 = == s ===
/ A //
1 4 d
0.01 0.1 1
Flux density, T

FIG. 2. (Color online) Watt loss vs flux density at select frequencies.

1.9 W/kg and 1.2 W/kg, respectively, for commercially
available FINEMET FT-3 nanocrystalline material. The HTX
002 material also exhibited a saturation magnetostriction of
21 ppm, which indicated a relatively high sensitivity to me-
chanical stress. As a result, impregnating and cutting the
cores to allow gapping can increase losses by up to a factor
of 3.

INDUCTOR CONSTRUCTION AND PERFORMANCE

The inductor configuration was based on a previous de-
sign that incorporated an eight turn copper winding insulated
with Nomex® around the toroid.® An aluminum base plate
was fabricated to mate to the bottom surface of the core and
served as a heat spreader to a commercially available liquid
cold plate. The core was bonded to the base plate by a ther-
mally conductive electrically insolating epoxy, and thermal
compound was used at the interface between the base plate
and cold plate. The inductance of this configuration was
measured to be 24.2 uH at 10 kHz.

A 25 kW dc-dc converter power stage was used to evalu-
ate the inductor. The power stage was operated at a switching
frequency of 15 kHz. To ensure that the inductor current was
always in the discontinuous conduction mode, duty cycles of
40%—-45% were run to attain each power level at its corre-
sponding voltage setting. The inductor was actively cooled
by its attached liquid cold plate using a 50% by volume
aqueous solution of propylene glycol at 23 °C and a flow
rate of 1.1 gpm (gpm denote gallons per minute). A thermal
map of the average core and winding temperatures at each
operating power level was obtained using an infrared
camera.’ The maximum core temperature of 80 °C occurred
at the 25 kW operating point which corresponded to a peak
inductor current of 282 A. This result was an increase of
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FIG. 3. (Color online) Maximum saturation flux density thermal stability.
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15.5% in average core temperature compared to results ob-
tained from a similarly constructed inductor using
FINEMET® FT-3 core material. Yet the HTX 002 based
inductor had a 39% reduction in core volume with identical
electrical performance.

CONCLUSIONS

A new high-saturation induction, high-temperature nano-
crystalline alloy of composition FessCo,,Nb,B3Si,Cu,; for
high-power inductors has been developed. The core wound
from this alloy was impregnated for strength and givena 2 T
transverse magnetic field anneal which produced a linear
B-H response with a relative permeability of 1400 that re-
mained constant up to field strengths of 1.2 T. From this
core, a 25 uH inductor was constructed for use in a 25 kW
dc-dc converter. The inductor was rated for operation at a
peak current of 300 A and a switching frequency of up to
20 kHz. Compared to commercially available materials, the
HTX 002 alloy can operate at higher flux densities, higher
temperatures, and reduces the overall size of the inductor.
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