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Metal amorphous nanocomposite (MANC) alloys are an emerging class of soft
magnetic materials showing promise for a range of inductive components
targeted for higher power density and higher efficiency power conversion
applications including inductors, transformers, and rotating electrical
machinery. Magnetization reversal mechanisms within these alloys are typi-
cally determined by composition optimization as well as controlled annealing
treatments to generate a nanocomposite structure composed of nanocrystals
embedded in an amorphous precursor. Here we demonstrate the concept of
spatially varying the permeability within a given component for optimization
of performance by using the strain annealing process. The concept is realized
experimentally through the smoothing of the flux profile from the inner to
outer core radius achieved by a monotonic variation in tension during the
strain annealing process. Great potential exists for an extension of this con-
cept to a wide range of other power magnetic components and more complex
spatially varying permeability profiles through advances in strain annealing
techniques and controls.

INTRODUCTION

Advanced power magnetic components are seeing
renewed interest in recent years because of a
number of evolving societal trends. First, the elec-
trical transmission and distribution system is aging
and outdated as it was originally designed for a
paradigm in which large centralized generation
systems delivered one-way power to the transmis-
sion lines and eventually the distribution systems.
With increasing penetration of renewables and
other distributed generation resources (solar photo-
voltaic, wind, fuel cells, microturbines, etc.), a
transformation is underway to an electrical power
system capable of multi-directional power flow,
demand response, and microgrid operation to

ensure reliable and secure electrical power delivery
in a more complex, distributed system. Grid resi-
liency and reliability would also be enhanced
through replacement of large power transformers
with more modular, solid-state transformers. Para-
mount to the successful realization of this vision will
be advances in grid-tied inverters, power flow
controllers, solid-state transformers, and sensors
based upon advanced soft magnetic materials
(SMMs) and components that can operate at
unprecedented combinations of frequencies, power
ratings, and efficiencies. These needs are made even
more acute because of the opportunities and chal-
lenges to magnetic components driven by recent
advances in wide bandgap semiconductor switching
devices based upon SiC, GaN, and others. Second,
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electrical machinery accounts for a large fraction of
industrial energy utilization within the US domestic
economy, and increased efficiencies of motors and
generators can have a significant impact on overall
energy efficiency. Advances in drives as well as the
magnetic materials comprising the stator and rotor,
particularly for rare earth-free solutions, are
increasingly important moving into the future.
Third, the trend toward electrification of the trans-
portation fleet spanning automotive/trucking, avia-
tion, aerospace, rail, and naval systems is driving a
need for power electronics converters and motors
that can operate at temperatures and efficiencies
with higher power densities than previously
demanded. In such applications, the enabling mag-
netic materials and components will play a key role
in the successful realization of efficient, reliable,
and power-dense solutions to satisfy increasingly
stringent technologic needs.

Metal amorphous nanocomposite (MANC) alloys
are an emerging class of soft magnetic materials for
a number of applications spanning power electron-
ics, transformers, and rotating electrical machinery.
Interest in MANC SMMs derives from the synergy
in properties of the amorphous and crystalline
phases from which they are composed. These mate-
rials have been termed nanocrystalline materials as
commercial products, such as FINEMET®; however,
their superior properties derive from the distinct
properties of both the amorphous and nanocrys-
talline phases, and therefore the term nanocompos-
ite is more accurate.’® The first step in producing
this class of alloys is through rapid solidification
processing techniques to form long amorphous
metal ribbons (AMRs) approximately 13—25 microns
in thickness, millimeters to 100 s of millimeters in
width, and meters to kilometers in length. Synthe-
sized AMRs are then subjected to optimized anneal-
ing treatments to generate a MANC structure
composed of nanocrystals embedded within an
amorphous precursor.? For conventional manufac-
turing processes of this class of alloys, there are
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many challenges: (1) the majority of MANC alloys
become brittle during annealing treatments, which
makes subsequent handling prohibitively difficult
from a manufacturing perspective, (2) many anneal-
ing treatments require careful control of time and
temperature, which is challenging for fully wound
fabricated cores, and (3) with post-processing, such
as impregnation and gapping, degradation of both
physical and magnetic properties results from the
magnetoelastic coupling stresses introduced during
the resin curing and the subsequent cutting process.

In-line processes, however, can be extremely
valuable in terms of additional flexibility of alloy
and material property optimization as well as
enhanced control of localized properties in the core
by application of time-varying mechanical, mag-
netic, or other applied fields that impact the ulti-
mate material performance. By using a compatible
alloy that permits in-line annealing treatments
before winding into the final geometry, most of
these challenges and side effects can be eliminated,
thus allowing for a range of options for optimizing
properties and performance at the core level. MANC
alloy systems can exhibit transverse®® or longitu-
dinal® induced magnetic anisotropy. Of the avail-
able MANC systems, the Co-Fe-Nb-Si-B based
alloys have shown clearly superior mechanical
properties and ductility in addition to significantly
enhanced responses to strain annealing techniques
compared with commercially available Fe-based
alloys, making them excellent candidates for
demonstration of the potential for advanced in-line
processing methods and techniques.*® Their trans-
verse induced anisotropy is tunable over nearly five
orders of magnitude, enabling certain power induc-
tor applications.

A plot of the relative strain-induced anisotropy is
demonstrated in Fig. 1a for a number of Co-based
MANC alloys compared with traditional iron-based
alloys such as Fe;3 5Nb3Siis sB7;Cu;.>>7 As can be
clearly observed, the Co-based alloys show a figure of
merit of induced anisotropy per unit applied tensile
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Fig. 1. (a) Graphical comparison of strain-induced anisotropy that forms during crystallization for amorphous/nanocrystalline soft magnetic alloys
showing the largest responses obtained for Co-rich alloys. (b) Plot of quasistatic B-H loops for TMF-induced anisotropy compared with strain-

induced anisotropy for a representative Co-rich alloy.
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stress of ~ 2-10x that of the Fe-based alloys. In
addition, the Co-based MANC alloys have signifi-
cantly improved mechanical properties so that
scalable manufacturing processes can be success-
fully implemented at much higher applied tensions
than for corresponding Fe-based alloys.® Figure 1b
further emphasizes that the response to strain
annealing is much greater than that of traditional
transverse magnetic field (TMF) annealing tech-
niques. A significantly greater applied field is
necessary to saturate the magnetization of the
strain annealed material compared with TMF-an-
nealed material. As a result, the demonstrated
anisotropy fields obtainable through strain anneal-
ing are roughly ten times those through TMF
annealing (~ 10-40 Oe through field annealing®'°
and ~ 100400 Oe through strain annealing®).

One of the MANC alloy systems of particular
interest for in-line annealing treatments, such as
strain annealing, includes compositions in the range
of Cogo..yFe,Mn,Nb,Si;B;,* with x and y that can
be chosen specifically to achieve a range of perme-
abilities from as low as ~ 10 to as high as ~ 10,000.
These alloys exhibit a relatively high strain-induced
anisotropy with dramatically improved mechanical
properties to permit successful manufacturing-scale
strain annealing and subsequent ribbon handling
for core fabrication purposes. Many component
and system level advantages can be realized
through optimization of the permeability of a core
or power magnetic component. For example,
through controllably tuning permeability of the
Co-based MANC alloy systems through in-line
strain annealing in a spatially uniform manner,
the need for gapping of inductor cores can be
potentially eliminated, yielding significant compo-
nent level advantages such as reduced EMI and
losses surrounding the air gaps. By exploiting the
potential to vary the applied tension as a function
of ribbon length,!! a spatially varying permeabil-
ity can be accomplished that can yield important
benefits such as smoothing flux distributions
throughout a power magnetic component to min-
imize peak temperature rise and, in some cases,
reduce overall losses. A key example of such an

approach is to grade an inductor core permeability
from the inner to outer radius such that the flux
concentration at the inner radius and the associ-
ated peak in losses and temperature rise can be
reduced and mitigated. We focus on this specific
application in this manuscript as a proof-of-con-
cept demonstration for this paradigm shift in the
engineering of soft magnetic cores and components
for power magnetic applications.

EXPERIMENTAL PROCEDURE
Alloy Synthesis and Strain Annealing

Co-based AMR (CO74_6F62.7MH2'7Nb4Si2B14),
approximately 25 mm wide, was produced through
planar flow casting (PFC) in air using a pilot-scale
custom-designed planar flow casting system. The
AMR was then spooled and subjected to a controlled
strain annealing process under a regulated value of
applied tension. This process partially devitrifies
the material, resulting in a magnetically anisotropic
nanocomposite structure (amorphous matrix con-
taining nanocrystalline grains). A schematic and
setup picture of the overall strain annealing system
is presented in Fig. 2. The strain annealing system
is laced from the unwind spool to the rewind spool
starting from the stock ribbon unwind spool of
25 mm wide, ~ 20 yum thick continuous ribbon
(700 m in length). The process is continuous and
automated. The ribbon is passed through a thermal
heating zone while tension is applied along the
ribbon axis. The anneal tension is maintained
between the unwind spool and rubber-coated drive
rollers, and the control of this tension as a function
of length enables permeability tuning in a uniformly
or spatially varying manner along the ribbon.

Through appropriate control of the strain anneal-
ing system, three different tension profiles are
achievable to allow for (1) tunable, (2) graded, and
(3) cyclic ribbon permeability variation. With each
tension profile, the unwind tension is controlled as a
function of length. Other strain annealing machine
processing conditions, such as material speed/time
in furnace, anneal temperature, and rewind ten-
sion, are held constant during the experiments.
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Fig. 2. (a) Schematic illustration of a strain annealing system. (b) Pilot-scale strain anneal system setup with enlarged view of the furnace.
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Magnetic Property Measurements (Core
Losses and Permeability)

The core loss measurements are based on mea-
sured B-H loop characteristics,'? and the conceptual
configuration for such measurements is shown in
Fig. 3. A primary (excitation) winding and sec-
ondary (sense) winding are placed around the device
under test (DUT). The magnetic field strength H is
proportional to the primary current i in the excita-
tion winding as

() =21 )

where N7 is the number of the excitation winding
turns, and [, is the effective magnetic path length of
the DUT. The flux density B is proportional to the
integral of the sense winding voltage v as

T
B(t) Nzl. < /0 o(t)ds 2)

where N is the number of sense winding turns, A,
is the effective core cross section of the DUT, and T

Fig. 3. Conceptual configuration for core loss measurements.
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is period of the excitation voltage. The core losses
are equivalent to the enclosed area of the B-H loop
multiplied by the frequency f. The core losses are
normalized by per unit weight as

By =f § HaB (3)

where P is the measured core losses, and W is the
core weight. The permeability is measured using the
peak values of B and H as

H= W Uy = Bpeak/Hpeak (4)

Using this method, only measurements of the
primary current i and the secondary voltage v are
required. The primary current i is measured using a
Keysight N2893A current probe with bandwidth DC
— 100 MHz, and the secondary voltage v is mea-
sured using a N2890A passive voltage probe. In
addition to core loss testing, a FLIR Model E60
infrared camera is used to capture the thermal rise
during a continuous 30-min excitation.

For strip and small test toroid permeability
measurements, we used a Laboratorio Elettrofisico
AMH-50 K-S AC/DC hysteresisgraph with a single
strip test fixture attachment (Fig. 4). The single
strip test fixture consists of a laminated yoke
and excitation/measurement coil. The coil contains
both primary and secondary windings. From this,
the induction field (B) and magnetic field (H) are
measured resulting in a permeability value (Eq. 4).
Strip test measurements were then compared with
the final core measurements by winding the ribbon
into a toroid of 31.75-mm OD x 25.4-mm ID with a
primary turn count of 38 and secondary turn count
of 25. The secondary winding was applied first
with the primary winding placed uniformly over
the secondary, and the permeability was measured
using the hysteresisgraph.

(b) . 1,

Fig. 4. (a) Single strip test fixture. (b) Strain annealed test ribbons and cores.
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Structural Characterization of Ribbons (XRD
and TEM)

X-ray diffraction (XRD) was measured in samples
of the as-cast and 250-MPa strain annealed ribbon
at the Advanced Photon Source Beamline 11-ID-B
using a 58.6-keV transmission beam at room tem-
perature. Detector tilt was compensated using a
CeO, sample, and 1D diffraction patterns were
obtained by integrating the intensity from the 2D
area detector using FIT2D.® Transmission electron
microscopy (TEM) and Lorentz imaging were car-
ried out on an FEI Titan G2 80-300 kV TEM. The
TEM specimen was prepared following a standard
in situ focused-ion beam (FIB) lift-out process such
that the sample plane contains the long axis of the
ribbon as well as the perpendicular direction normal
to the broad ribbon surface. In this way, the ribbon
plane contains both an in-plane hard axis along the
ribbon length and an easy axis along the perpen-
dicular direction.

MOKE and Lorentz Microscopy Imaging
of Domain Structure

An Evico magneto-optical Kerr effect (MOKE)
microscope was used to image the domain structure
of strain annealed ribbons. Sections of strain
annealed ribbon samples were enclosed in a mag-
netizing coil to produce exciting fields parallel to the
ribbon axis. Images were obtained from the “air”
side of the ribbon that was not in contact with the
wheel during PFC. The ends of the 30-cm-long
ribbon samples were connected to the rectangular
steel yoke to minimize demagnetizing effects.
Images were produced by comparing the remanent
state to a reference image captured under an AC
excitation.!* In addition, MOKE images were also
acquired from an FIB-sectioned sample prior to
thinning to electron transparency for subsequent
TEM Lorentz characterization experiments for
comparison.

THEORETICAL MODELING

Two-dimensional finite element analysis (2D
FEA) was employed to calculate the flux density
distribution in the magnetic core of the inductor.
When a thin ribbon with varying permeability in
the direction of its length is wound to form a core,
the permeability will have a gradient in its radial
direction. In our FEA model, this is handled by
specifying the permeability as a function of radial
spatial coordinate.

Consider a case where a ribbon with a thickness ¢,
which includes the effective stacking factor, is
wound on a round mandrel of a radius R; and to
an outer radius of R,. The length of the ribbon / and
the stack height (or radial distance from the inner
most layer) r are expressed as

dl — 2nrdr (5)
t
By integrating this, one finds that
=2 (R} (6)

When the relative permeability changes linearly
from ; to . over the total length of the ribbon I, the
relative permeability at length / from the beginning
of the winding will be

u) =F B4 (7)
Therefore, the relative permeability at a given stack
height r will be

He — I 2 2

M(")Zm(r —R}) + 1y (8)
This relationship was used to find the relative
permeability at a given position in the wound
circular core given an applied tension/permeability
versus length profile achieved through strain
annealing for subsequent theoretical modeling
efforts. The power loss was estimated from the
following modified three-term Steinmetz equation:'®

khysz'B +keddyf232 + kexf Y5BY? (9)

where kinys, keady, and kexc are the coefficients for
hysteresis, classical eddy current, and excess loss
components, respectively. The variable f is the
frequency of the current (in kHz), B is the peak
flux density (in Tesla), and f is a power constant.
This expression was applied to the flux density
distribution obtained by FEA. The resultant peak
induction, losses, and corresponding temperature
distribution were also calculated by 3D FEA for
comparison after approximating the radial distri-
bution of the core loss with curve fitting for various
assumed permeability profiles throughout the mag-
netic core. A commercial FEA package, COMSOL
Multiphysics, was employed to perform both elec-
tromagnetic and thermal FEAs.

EXPERIMENTAL RESULTS

Strain Anneal Processing to Realize Various
Ribbon Permeabilities

Using the strain annealing system, a range of
tensions was applied as a function of length for a
given material speed of 6 cm/s and an annealing
temperature of 560°C for a 25-mm-wide, continuous
length of ribbon. Figure 5 presents the results of
this experiment. The Coq4gFes7MnyNbySioBiy
(at.%) AMR was continuously strain annealed by
stepping through a series of tension levels, from
50 MPa to 250 MPa in increments of 50 MPa, with
enough material processed at each tension level to
wind a small toroid (31.75-mm OD x 25.4-mm ID).
In addition, small segments of ribbon (~ 30 cm)
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Fig. 5. (a) Tension as a function of length profile, (b) permeability as a function of tension, and (c) B-H loops of the targeted applied tensions for
the Co-based strips and sample cores (#1 and #2 independent tests) through strain anneal processing.

were cut from the beginning and end of each
targeted tension level for quick feedback of strip
permeability. As a result, the permeability as a
function of the tension relationship was established
to enable future processing.

Structural and Magnetic Characterization
of Strain Annealed Ribbons

A dark-field transmission electron microscopy
(TEM) image is shown in Fig. 6a, which indicates
the average grain size of the nanocrystals (bright
spots) is less than 10 nm. The corresponding
selected area electron diffraction pattern in Fig. 6b
suggests a three-phase mixture of fcc and hep cobalt
nanocrystals embedded within an amorphous
matrix consistent with the acquired XRD scan
presented in Fig. 6d. The broadened rings are due
to the fine grain size of the nanocrystals. The EDS
spectrum in Fig. 6¢ shows the material is enriched
in Co with lesser amounts of Fe, Mn, Nb, and Si.
The Cu signal originated from the Cu TEM grid
used to support the sample. The absence of boron in
the EDS spectrum is not surprising, as EDS is
known to be ineffective in detecting light elements.

Figure 6d compares the transmission XRD pat-
terns of the Cory4 gFes 7Mns 7Nb4SisB14 ribbon in the
as-cast condition with those after strain annealing
at 250 MPa. The as-cast condition shows broad
peaks confirming the mostly amorphous structure,
whereas the strain annealed sample has peak
intensities near h—k = 3n using the {hkl} hexagonal
indices. The indexed diffraction locations corre-
spond to fec (@ =3.493 A) and hcp (¢ =2471 A
and ¢ = 4.035 A) structures. The broad nature and
location of the peaks indicate a high density of
planar faults as was reported in similar composi-
tions.* Faulting of this type is also present in
samples annealed without tension in these alloys.’

Figure 7 shows MOKE images of the remanent
domain patterns in two samples after strain anneal-
ing with 50 MPa and 250 MPa, respectively. The
ribbon and applied strain axes are horizontal in the
image with Kerr sensitivity aligned parallel to the
image vertical. The patterns indicate surface
regions with magnetization oriented transverse to
the ribbon axis, arranged in bands parallel to the
ribbon axis. These configurations minimize

demagnetizing fields for bulk domains with signif-
icant magnetization components normal to the
ribbon plane, similar to those found in grain-ori-
ented Fe-3(wt.%)Si steel under applied tension.'®
The magnetizing field was not sufficient to saturate
the material along the ribbon axis given the large
K, and further work is needed to determine the full
domain structure. To complement AMR surface
measurements, MOKE imaging was performed for
a sample FIB sectioned from the ribbon containing
both the strain annealing direction (hard axis) and
the direction normal to the broad ribbon surface
(easy axis). As expected because of the geometry of
the FIB-sectioned sample, a bulk stripe domain
structure could be clearly resolved with the domain
walls nearly parallel to the easy axis in-plane
direction, although some variation was observed,
presumably resulting from the demagnetizing field
effects due to the shape of the sample.

After subsequent thinning of the FIB lift-out
sample to electron transparency, Fig. 8 illustrates
the results of Lorentz TEM imaging for comparison
demonstrating clear evidence for a stripe domain
structure with walls parallel to the in-plane easy
axis (normal to the sample edge) and the presence of
closure domains near the edge due to local magne-
tostatic fields.

Prototype Core Fabrication and Testing

Pilot-scale strain annealing using two permeabil-
ity variations of the Co4 gFes 7Mny 7Nb,SigB14 AMR
was explored through using the established perme-
ability versus applied tension relationship in Fig. 5-
b. Experimental demonstrations of the permeability
variations are illustrated in Fig. 9a by applying a
uniform tension to obtain a uniform permeability of
a tuned value and in Fig. 9b by applying a linearly
varying tension with length to achieve a so-called
“graded” permeability ribbon. For both the constant
and graded tension runs, we produced enough
strain annealed ribbon to wind sufficiently sized
cores with a targeted permeability of u = 35. For the
ribbon cross section, we used an average ribbon
thickness over the entire cast to establish the
tension force per unit area (N/mm?). Ultimately,
this method will produce some error in the applied
tension force per unit area as the ribbon thickness
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Fig. 7. MOKE image of ribbon samples after strain annealing at 50 (left) and 250 MPa (center) along with a MOKE image obtained from an FIB-
sectioned sample (right) containing an easy axis (vertical) and hard axis (horizontal) in the sample plane.
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Fig. 8. Lorentz images of the cross section of the ribbon taken at (a) in-focus, (b) over-focus, and (c) under-focus positions. Note the reversal of
contrast going from over-focus to under-focus positions confirming domain wall contrast.

during the PFC has some deviation. However, we
have found that this accounts for an accept-
able + 4% change in permeability.

To effectively use the permeability as a function of
the tension relationship (from Fig. 5b), we used
identical processing conditions of the anneal tem-
perature (560°C), material speed (6.1 cm/s), time in

the furnace (3.75 s), and rewind tension (15 MPa) to
process the constant and graded permeability rib-
bons. In Table I, tension target values and strip
permeabilities are presented for the constant and
graded tension ribbons. For the constant tension
ribbon, an average annealing tension of 135.7 MPa
with a standard deviation of ~ 2 MPa was measured
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Table I. Tension target values and measured strip permeability for constant and graded permeability cores

Constant perm core 135

Target start tension (MPa) I, (start) Target end tension (MPa) 1, (end)
37.3 135 39.3
95 (OD) 44.5 (OD) 210 (ID) 27.8 (ID)

Graded perm core

during the run. For the graded tension ribbon, a
starting annealing tension of 92.3 MPa and finishing
tension of 210.7 MPa at a ramp rate of 2.7 MPa/min
were measured. It is noted that the strain anneal
system controls can ramp the tension with a positive or
negative slope, with the chosen graded tension profile
requiring fewer rewinding steps.

By winding such strain annealed ribbons (as
described in Table I) into a core of selected spatial
geometry/dimension, cores with spatially varying
permeability profiles can be realized. One major
objective of such designs is to produce a more
uniform flux distribution present within the core
due to the details of the geometrical core shape and
winding configuration. As a demonstration of this
“flux smoothing” concept, prototype cores were
fabricated using the Co-based strain annealed rib-
bons with constant and graded permeability. For
the graded tension core, the winding started with
the higher tension, lower permeability ribbon on the
inner diameter (ID) ending with the lower tension,
higher permeability ribbon on the outer diameter
(OD). Examples of the fabricated components
(81 mm OD x 34 mm ID) are presented in Fig. 10.

For each core, the mass was 630 g with an overall
stacking factor ~ 70%. Only a small piece of Kapton
tape was used to hold together the ribbon ends, and
then the cores were placed in an ABS core box with
an open end. Furthermore, the windings were
layered around the core leaving an unobstructed
window of the metal laminated core.

Core Losses and Permeability Measurements

Figure 11 illustrates the custom core loss testing
system that was used to excite the constant and
graded tension cores during a 30-min continuous

test. An H-bridge switching circuit is utilized to
apply square voltage waveforms with 50% duty
cycles at 20 kHz to the excitation winding. All other
experimental setup configurations are given in
Table II. The core loss measurements for the two
cores were performed under similar B, values for a
fair comparison since the permeability of the con-
stant tension core is larger than the average
permeability of the graded tension core, as listed
in Table II. Therefore, the amplitudes of the applied
square voltages and average excitation currents are
manually tuned, in which greater voltage and
current amplitudes are utilized with the graded
permeability core to compensate the lower average
permeability. It is noted that the numbers of
primary (N; = 50) and secondary (N, = 10) turns
are the same for both cores. The average peak flux
densities for both cores are ~ 0.15 T, and the
average core losses are about 13.1 W and 10.1 W
for the constant and graded permeability cores,
respectively. The graded permeability core exhibits
about 22.6% less core losses (per unit weight) than
the constant permeability core at the same flux
density condition. Further work is needed to com-
pare cores with identical average permeabilities. In
Fig. 12, additional data and details clearly demon-
strate a reduction in overall losses at steady state as
well as a significant reduction in peak temperature
for the graded permeability core as compared with
the constant permeability core by approximately
20°C. Linear permeabilities of both the constant and
graded permeability core are shown along with
stable temperature profiles once steady state is
achieved.

At the end of the 30-min continuous test, a
thermal image was taken for each core as demon-
strated in Fig. 13. It is noted that due to relatively
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Fig. 10. Photographs of fabricated (a) constant tension and (b) graded permeability cores, along with an (c) ABS core test box and primary (red)

and secondary (black) winding profile.
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Fig. 11. Custom core loss measurement setup and schematic illustration of the equipment.
Table II. Electrical experiment setup configuration and results
Constant perm core Graded perm core

Average peak excitation current i 11.05 A 13.04 A
Average sense voltage, v 55.66 V 66.46 V
Average relative permeability, p,. 40.0 33.5
Average peak flux density, B, 0.153 T 0.151 T
Average core loss, P, 13.11' W 10.15 W
Unit weigh core loss 20.81 W/kg 16.11 W/kg
Loss comparison 100% (base) 77.4%

high primary winding currents, the thermal image
was taken immediately after the primary wind-
ing’s current was switched off to prevent the wire
heat from skewing the thermal image. Further-
more, to rule out heating from the wires, we left
an exposed section of the core to allow for a clear
view of the thermal profile of both the constant
(left) and graded (right) permeability cores. Ther-
mal images clearly confirm the impact of the

engineered permeability on the peak temperature
rise as well as the temperature distribution
throughout the core.

MODELING RESULTS

To estimate the theoretically predicted impact of
varying permeability spatially throughout a core,
2D FEA was performed as outlined in the
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Fig. 12. Using excitation conditions of f= 20 kHz and peak induction of B, = 0.15 T, we show (a) close to 25% reduction in power losses, (b)
linear permeability as a function of increasing temperature, and (c) time-dependent thermal rise for the constant permeability core as compared

with the graded permeability core.

Fig. 13. Experimental thermal imaging at steady state for the constant permeability core (left) compared with the graded permeability core (right).

theoretical procedure section. For the core wound
with constant permeability ribbon, a constant value
of © = 38.3 (previously determined from strip
testing, Table I) was used for the relative perme-
ability. Similar testing resulted in values of u = 27.8
for the beginning (ID) and y = 44.5 for the end (OD)
of the graded permeability core. These two values,
along with the core geometry, define u(r), which
gives the permeability at a given point in the core.
The density of the core was set to 5.89 kg/l from the
mass of the wound core and its geometry. The flux
distributions are shown in Fig. 14 at an average flux
density of 0.15 T. With the constant permeability
core, the flux distribution is highest at the ID where
the magnetic path length is shortest and decreases
toward the OD. As shown in Fig. 14, this change in
the flux density is significantly reduced with the
graded core. The relative permeability from the
averaged value of the flux density is ¢ = 38.3 for the
constant permeability core and u = 33.0 for the
graded permeability core. These values agree well
with the experimental values of u=40.0 and
u =335 (Table II) for the constant and graded,
respectively.

Because the power loss increases at a higher rate
than linear, the constant permeability core shows a
higher core loss although the average flux density is
set at 0.15 T in both cores (Fig. 15). At 20 kHz, the
core loss estimated from the flux density distribu-
tion by FEA was 122 W for the constant

permeability core and 11.2 W for the graded per-
meability core. The experimental values were
13.11 W and 10.15 W (Table II), respectively, for
the constant and graded permeability cores.

The thermal flow is restricted to the radial
direction in the wound core because of lower
thermal conductivity through laminations. The
effective thermal conductivity may only be about
one-fifth of that for the in-plane thermal coefficient
and is estimated to be about 0.5-1 W/m/K. This
creates a sizable temperature gradient along the
radius as shown in Fig. 13. A simulated 3D FEA
result is shown in Fig. 16. In this calculation, the
thermal conductivity of the core was 0.5 W/m/K,
and the heat conduction from the core surface was
assumed proportional to the temperature difference
with the ambient at a rate of 10 W/m?%K. The
simulated results indicate the high temperature
region seen in the thermograph for the constant
permeability core is caused by the low radial
thermal conductivity as well as the presence of the
high power loss region near the core’s inner radius.

For both the constant and graded permeability
cores, the strain annealed material was produced by
controlling the permeability profile, described as
u(l), along the length of the ribbon, /. In the graded
permeability core, the permeability profile is
approximately linear with ribbon length [. There-
fore, the graded permeability core only approxi-
mates the balanced flux profile and shows a more
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Fig. 14. Flux density distribution comparing the ideally graded, experimentally graded and constant permeability cores using (a) COMSOL
simulation modeling and corresponding (b) graphical representation of the flux density as a function of radial position.
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Fig. 16. The 3D FEA thermal profile comparison of the constant and
graded permeability cores.

even temperature profile across the core compared
with the constant permeability core. However, to
fully balance the flux density (as in the ideally
graded core), a nonlinear u(l) profile is required to
produce a linear u(r). This nonlinear annealing
profile is more important in cores with large values
of (R, — R;)/R; with less of an impact when R,/
R; ~ 1, where R, is the outer radius and R; is the
inner radius.

DISCUSSION AND FORWARD PERSPECTIVE

The ability to create a strain annealed toroid with
a specific permeability profile represents a signifi-
cant advancement for their use in power electronics
transformers. Both homogenous and heterogeneous

permeabilities can play a role in advanced magnet-
ics design. While transformers generally need a
high permeability, some applications such as the
flyback transformer'” or the transformer for series-
coupled DC active filters'® use air gaps to reduce the
permeability. The promise of reduced permeability
through strain annealing is the elimination of the
air gap and all of the associated loss and construc-
tion penalties. Another research topic where strain
annealing can have a significant impact is in a
controlled leakage element. This is most easily
realized in axial'® or tri-axial®® transformers as
shown by Baek.?! In these designs (as seen in
Fig. 17), a core of designed permeability is used to
increase and carefully control the effective leakage
inductance of the transformer. This is an essential
aspect of the design for active bridge power con-
verters.?? Grading the permeability, as shown, will
also improve the leakage core losses and thermal
gradient.

Finally, controlled permeability cores can be
utilized to tune and control the leakage inductance
and leakage flux path of traditional transformers. In
Ref. 23, an external limb of the transformer is added
to the core to direct flux through a center post. In
this approach, it is gapped so as to minimize
magnetizing flux. However, a low permeability limb
could achieve the same effect without gapping.
Similarly, an additional low permeability core is
proposed for each winding to augment the leakage
inductance and control the flux path in Ref. 24. It is
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Fig. 17. Tri-axial transformer design with homogenous permeability leakage cores . = 30 (purple) and p = 38 (yellow), magnetizing (gray), and

windings (blue).

also used as a flux shaping ‘shell’ to minimize the
amount of normal flux entering layers of the
magnetic ribbon. The opportunities for applying
local permeability engineering to advanced mag-
netic cores are plentiful, and their applications will
only grow as new alloys and advanced strain
annealing methods and processes are realized to
enable successful application to a broader suite of
materials and components.

CONCLUSIONS

MANC alloy cores are prone to many limitations
during manufacturing, ranging from simple han-
dling of the material after conventional annealing
processes to temperature control during the anneal-
ing step due to the exothermic nature of the
recrystallization process to furnace and system size
for TMF annealing when additional permeability
control is needed. By switching to an in-line process,
such as strain annealing, we can remove any
previously placed constraints set by furnace/system
size and therefore remove any restrictions on the
core size. However, the successful strain annealing
process requires a combination of advanced alloys
with optimized mechanical properties, well-charac-
terized responses to applied tension annealing, and
soft magnetic properties of interest for advanced
magnetic component applications. In this work, we
demonstrate the successful realization of spatially
varying permeability inductor cores using a mono-
tonically varying applied tension throughout the
strain annealing process to accomplish a more
uniform flux distribution within the core yielding
(1) reduced core losses and (2) a more optimized
thermal profile with a reduced peak temperature at
the inner core diameter. The selected embodiment of
this approach leveraging Co-based nanocomposite
alloys for inductor applications is intended to be

illustrative of the wealth of opportunities that can
be realized through this novel manufacturing
approach. Future efforts will target processing of
wider width ribbons (50 mm is the widest success-
fully strain annealed to date) and more advanced
permeability profiles such as cyclic permeabilities
with sufficiently small spatial periodicities to realize
smoothed flux profiles at the corners of racetrack-
shaped cores and even more advanced designs to be
disclosed in our future works. Cyclic permeabilities
have only been realized and have been limited for
advanced core fabrication applications in practice
because of difficulties in controlling the specific
lengths over which permeabilities are averaged over
relatively short lengths on the order of ~ centime-
ters in the presence of applied tensions during the
strain annealing process. To fully realize the poten-
tial of advanced permeability engineering
approaches, new alloys with improved mechanical
properties are required as well as enhanced manu-
facturing processes and procedures.
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