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Magnetic nanocomposites, annealed under stress, are investigated for application in inductive devices.
Stress annealed Co-based metal/amorphous nanocomposites (MANCs) previously demonstrated induced
magnetic anisotropies greater than an order of magnitude larger than field annealed Co-based MANCs and
response to applied stress twice that of Fe-based MANCs. Transverse magnetic anisotropies and switching
by rotational processes impact anomalous eddy current losses at high frequencies. Here we review induced
anisotropies in soft magnetic materials and show new Co-based MANCs having seven times the response
to stress annealing as compared to Fe-based MANC systems. This response correlates with the alloying of
early transition metal elements (TE) that affect both induced anisotropies and resistivities. At optimal alloy
compositions, these alloys exhibit a nearly linear B-H loop, with tunable permeabilities. The electrical
resistivity is not a function of processing stress but trends in electrical resistivity and induced anisotropy
with choice and concentration of TE content are clearly resolved. Previously reported and record-level

induced anisotropies, K,, ~20 KJ/m® (anisotropy fields, Hx ~ 500 Oe), in stress annealed Co-rich
MANCs are increased to K, ~ 70 kJ/m® (Hx > 1800 Oe) in new systems.

. INTRODUCTION

Emerging societal trends need advanced materials and
components to improve transmission, delivery, and mon-
itoring of electrical power. Trends include: (i) a need for
modernization of an aging transmission and distribution
system,' (ii) increasing penetration of distributed genera-
tion sources (e.g., renewables) and grid-scale energy
storage,” and (iii) electrification of commercial and military
transportation systems (automotive, aviation, aerospace).”
The U.S. Department of Energy (USDOE) projects 80% of
all electrical power to flow through power electronics by
2030 and grid modernization will require a $1.5 trillion
investment over the next decade.* Advances in wide band
gap (WBG) based semiconductor based switching devices
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promise to advance high power, high frequency power
electronic converters to address evolving energy needs.
Systems issues for WBG-based power electronic deploy-
ment include advanced passive components (inductors,
capacitors) for filtering and galvanic isolation.” An
enabling technology is high performance soft magnetic
materials for inductive applications.”™ Novel processing
for tunable permeability in alloys to retain robust high
temperature and high frequency performance can advance
a broad array of WBG-based power converters. Similar
materials with tunable permeability enable power moni-
toring based on giant magneto-impedance (GMI) based
sensing”'® compatible with surface acoustic wave devices
for passive and wireless interrogation.

Useful inductors supply constant inductance over a
range of current, with temperature rise controlled by low
power losses and/or active cooling. A figure of merit is
the efficiency of inductive energy storage:
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where Q is the quality factor, L is the inductance, ® is
the angular frequency, and R is the equivalent series
resistance. The corresponding energy storage E for a
magnetic core is:

BHV _ B’V
2 2“0 Hy

(2)

where B is flux density, V is core volume, L, is relative
permeability, and i, the permeability of free space.
For applications requiring constant inductance over a
range of currents, core materials with constant p, to flux
saturation is desired. Cores with tunable permeability
materials can be engineered to have lower p, allowing
higher energy storage for the same B, or lower B (lower
core loss) for the same energy storage. Low permeability
inductors allow for higher currents that are required, for
example, in certain DC bias applications. However, for
fixed inductance applications permeability is inversely
proportional to core size, if the number of turns is held
constant. The optimal wound core minimizes the total
power loss including core and winding losses. To a first
approximation, core loss at a given frequency is expressed
as Pc = kVB* where k is a material constant and winding
loss as P, = I°R where R is the winding resistance. For a
toroid of path length [ with N turns, the magnetic field is
H = uNI/l and total power loss, at fixed f, is:

1 \2
Py =kVW*H? + | — | RH? 3
et () RE )
where H represents a nonsaturating maximum field.
1/4

Solving for %LJ = 0 yields a minimum at p* = (58

so the optimum permeability depends on both the material
properties and the configuration/size of the core.
This effectively balances the reduction of core losses, that
favor a low p and winding losses that favor a high p.

Low permeability cores can be made of gapped or
powdered high permeability materials but powder cores
size is limited up to ~20 cm diameter due to large com-
paction pressures [e.g., cores of 20.3 cm OD and 12.7 cm
ID for 2.2 GPa compaction pressure require 44.6 MN
(5000 ton) force presses]. Gapped cores can suffer from
higher core loss and EMI/RFI radiation due to fringing
flux and low thermal conductivity to remove heat generated
by losses. Developing cores that do not require gapping or
pressing would be a significant breakthrough in inductor
design. Functional materials with stress-dependent mag-
netic anisotropy tunable to achieve low permeability with
low losses are attractive in inductive applications. Thus,
understanding stress-dependent magnetic properties that
dictate anisotropy is important. Materials with temperature
invariant permeabilities can also mitigate needs for active
cooling at the converter and component level.

This work reviews the development of magnetic materi-
als for gapless inductor application with an emphasis on
metal amorphous nanocomposites (MANCs) because of
their combination of large saturation inductions, low AC
power losses approaching the 100’s of kHz, and large
induced magnetic anisotropies. Permeability can be tuned
by inducing magnetic anisotropy perpendicular to the
core magnetizing direction (i.e., transverse magnetic
anisotropy). Although transverse magnetic field annealing
is commonly utilized, scalability to large cores may be
limited as the magnetic annealing furnaces must accom-
modate the core dimensions. Another option that is fully
compatible with continuous ribbon processing and
removes restrictions on maximum core size is annealing
ribbon under stress using a tension controlled system.
Induced anisotropy by field and stress annealing is
strongly dependent on the composition and microstructure
of the magnetic material.

Tailoring induced uniaxial anisotropy (K,) in MANC
magnets by mechanical stress'" and field processing'*'> can
enable high frequency (f), low loss rotational switching.14
In Zr containing Co-rich MANCs, K, near 20 kJ/m?
(anisotropy field Hx ~ 500 Oe) can develop after stress
annealing that is 10x larger than field induced K,’s'"'? in
similar compositions. K, response to stress in Co-rich alloys
is twice that measured in Fe-rich MANCs'' and annealed
ribbons also show better mechanical propelrties.15 16 power
loss at high frequency in MANCs is minimized due to
thin cross sections achieved through planar flow casting,
resistivity levels higher than bulk crystalline soft magnetic
materials, and potentially by K, controlled magnetic
reversal. MANC’s, composite resistivity'’ results from
amorphous and nanocrystalline phase and interfacial
scattering. Stress induced anisotropy in Co-rich, Nb based
MANC:s has been attributed to low symmetry sites for
magnetic atoms in faulted Co nanocrystals.'®

Il. SUBSTITUENT VIRTUAL BOUND STATES
(VBS) IN CO-RICH CRYSTAL AND AMORPHOUS
ALLOYS

Common to Fe- and Co-based MANC systems is the
addition of early transition metal glass formers (TEs)
that are expelled from crystals in primary crystallization
and serve as growth inhibitors® that contribute to robust
metastable nanostructures. For dilute TE additions, in-
troducing a highly localized perturbing potential, Friedel’s
virtual bound state (VBS)'® model explains departure
from a linear composition dependence (for species
with a valence electron difference |AZ| > 1) of alloy
dipole moment in a rigid-band Slater—Pauling
curve.”*?! A modified impurity VBS model describes
changes as a TE bound d-state moves through the
Fermi level (eg) of the parent late magnetic transition
metal (TL) and empties into empty spin states.?? For each
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TE solute atom, a degenerate TE VBS will empty into
unoccupied TL 3d states. We note three features of the
band structure of early 3d impurities in the Co host
described in the literature®>**: (i) the impurity 3d bands
are spin split anti-parallel to those of the host, (ii) the
minority bands exhibit more d-d hybridization due to
their overlap in energy than the majority bands which
(iii) form more conventional resonance states. These
features are shown schematically in Fig. 1.

The influence of VBS on alloy magnetization is de-
scribed in coordination bonding® and magnetic valence
formalisms>® with predicted concentration dependences of
the average magnetic dipole moment.?” Other implications
of a strongly perturbing VBS potential of an impurity are
(i) strong scattering of the conduction electrons off of
resonant TE d-states and consequent increased resistivity;
(ii) lowering of the local crystal field symmetry with
consequence for magnetic anisotropy and (iii) hybrid
d—d bonding can impact materials strength and interfacial
energies.”® These all impact performance of MANCs for
application in inductive components; (i) and (ii) in re-
ducing power losses and (iii) in mechanical properties.
VBS have been calculated by first principles in close
packed Co phases.””** Figure 1 illustrates the spin-
minority and -majority bands for an FCC Co host from
Ref. 24 and the added position of Lorentzian shaped
VBS for Mn, Cr, and V substituents. Models of the VBS
are schematic because of lack of a precise model for the
amorphous phase density of states.

A key figure of merit, stress induced magnetic
anisotropy, in: Cogo_,_,Fe,Mn,Nb,Si;B;4 and
Cogo—x—Fe,V,NbsSirBy4 (x and y = 8 at.%) nano-
composites is summarized in Fig. 2 and compared with
previously published values for Co- and Fe-based
nanocomposites.''  Figure 2 also compares a
Cogo—x—Fe,Cr,Nb,Si,B 4 alloy not discussed here for

AZ=4 AZ=3

brevity. Alloys are patterned after Co-rich Zr containing
amorphous and MANCs with Co:Fe ratios falling in
the BCC + FCC, or FCC + HCP regions of the binary
Fe—Co phase diagram.”” MANC primary crystallization
results in chemical partitioning between amorphous and
nanocrystalline phases.”® Strong exchange increases the
Curie temperature (Te),! yields a higher magnetization,
and improves high temperature coupling through the
intergranular matrix.>> This impacts temperature stability
of induced magnetic anisotropy, and by inference perme-
ability, that scales as a power of reduced magnetization,
M(T).**** Field-induced anisotropy due to directional pair
ordering is easily erased by short-range diffusion, and does
not have desirable temperature dependence for high
temperature magnets.'> Temperature dependences of the
magnetostriction or residual stress also degrade high
temperature performance of materials with magnetoelastic
induced anisotropies.>> Interfacial anisotropy, stacking
faults in FCC o- or HCP &-Co and nanocrystals/
amorphous matrix interfaces require coordinated atomic
rearrangement to remove. Larger activation volumes
therefore stabilize structural anisotropies to higher tem-
peratures. The magnitude, tunability, and temperature
stability of stress induced magnetic anisotropy is desirable
for inductive applications.

While Hf,36 Zr,37 and Ta>® have been investigated, Nb
is chosen as a large atom TE growth inhibitor, that also
provides interfacial scattering states, with a lower oxida-
tion potential allowing casting of alloys in air. Co—Fe is a
prototype Slater—Pauling system and alloys at the Co-rich
end of the binary have minority spin states at g.
Substitution of Mn (AZ = 2), Cr (AZ = 3),and V (AZ = 4)
provides VBSs in addition to those provided by Nb.
Smaller Mn, Cr, or V TE’s, are likely to partition dif-
ferently than Nb in nanocrystallization and to the extent
that they remain dissolved in the crystalline phase,
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FIG. 1. Dilute TE’s form VBS that shift in size and position with impurity and concentration influencing electronic structure and Fermi level, .
Away from Co majority band states (>&g) VBS take Lorentzian shape. Impurity states empty into the conduction band when impurity and host

states are close in energy (minority band near €r). Adapted from Ref. 23.
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FIG. 2. Magnitude of induced anisotropy |K,| of stress annealed
Fe-based, Co-based and Co-rich alloys with VBS.

they (i) provide resonant scattering in the crystals and
(i1) influence crystal stacking fault energies (SFE) that
impact crystal anisotropy and mechanical properties.
Co-rich systems exhibit record stress annealing induced
anisotropy'' and changes to anisotropy and systematic
variation of amorphous and nanocrystalline phase resistiv-
ity with VBS introduction is the subject of this work.
Targeted alloys have low permeability, high K,, low
power loss, and excellent thermal stability.>

lll. EXPERIMENTAL PROCEDURE

Ingots of nominal compositions
COgo_x_yFeanbeétsizB 14> and COgo_x_))FexV))Nb4Si2B 14>
where x and y = 8 at.%, were prepared from high purity
elements by arc melting. These alloys are chosen to have
identical concentrations of metalloid glass formers
(Si;B4) and a TE growth inhibitor (Nby). In the first
system the small atom TE, Mn, is substituted with various
relative concentrations of Fe in the Co-based alloy. In the
second system V, is substituted. Amorphous ribbons of
2-3 mm width and 20 pm thick were produced by melt
spinning in argon. A nanocomposite was formed by stress
annealing the amorphous ribbon at 520 °C in air at a
temperature and time sufficient for primary crystallization.
Tensile stress was applied along the free ends of ribbon
with the central section passing through a tube furnace.
Ribbon sections were also annealed in the tube furnace
with minimum applied tension (<10 MPa) and sub-
sequently stress annealed. TEM measurements were
performed on a JEOL JEM-2000EX (JEOL USA Inc.,
Peabody, Massachusetts) and a Titan 80-300 (FEI
Company, Hillsboro, Oregon), aberration corrected
microscope with STEM capabilities that indicate

nanocrystals <10 nm. TEM samples were prepared
using a Gatan Precision Ion Polishing machine (Gatan,
Inc., Pleasanton, California).

Induced anisotropy (K,) was calculated from saturation
magnetization By and permeability | using a single strip
tester attachment to a Laboratorio Elettrofisico AMH
50 K-S permeameter (Laboratori Elettrofisico, Milan,
Italy) and the relation K, = Bsz/2u. Permeability and
K, were measured by subtracting measurements of the
fixture with and without a sample using 400 Hz sinusoi-
dal excitation. Saturation magnetostriction Ay of stress
annealed samples with sheared BH loops was measured
using relation A, = —(3/2)(AK/AG), assuming a linear
permeability to saturation. Susceptibility was measured to
fields of 8 kA/m and stress (o) of 600 MPa. Electrical
resistance was measured using 4 point probe method
with EXTECH 380560 Milliohm Meter (FLIR
Commercial Systems, Inc., Nashua, New Hampshire).
Composition mapping was measured using atom probe
tomography (APT) of a C075_4F62.3MH2A3Nb4SiQB14
sample annealed with and without stress. Needle specimens
were prepared by FIB-based lift-out and annular milling.*'
APT was conducted on a CAMECA LEAP 4000XHR
(CAMECA, Gennevilliers, France) in voltage mode with
25% pulse fraction at 40 K.

IV. RESULTS AND DISCUSSION

Figure 3(a) shows contours of constant magnetic
permeability for Cogg_,_,Fe,Mn,Nb,Si,B,4 alloys after
stress annealing under 200 MPa tensile stress at 520 °C.
The B—H loop type strongly depends on Fe and Mn
content, with flat loop shape and low permeability for
compositions above the line FegMny—FegMn, and square
loops below. The lowest permeabilities were found near
FesMng. Compositions near Fe,;Mn, were annealed at
stresses up to 600 MPa, to determine the functional
dependence of permeability on stress (Fig. 1). The Fe,Mny
alloy after 500 MPa stress annealing had p, = 8.7 and
induced anisotropy K, = 45.5 kJ/m’. Stress annealing
compositions with dilute Fe, Mn content resulted in square
loop, high permeability (>10,000) materials with low
coercivity H. = 23.1 A/m at B = 1 T, 1 kHz measured
on a toroidal sample. Accurate measurement of H, for low
loss, low permeability materials require phase angle
correction*'*? that will be the subject of future work
along with frequency and induction dependencies of p and
losses. The boundary region separating the high and low
permeability materials in Fig. 3(a) represents materials
with initial permeability ~1000. The slope of the
boundary intercepting the Mn = 0 composition is higher
than the boundary slope intercepting at Fe = 0. Further
experimentation is required to better define the shape of
this region that separates regions with K, < 0 and k, >
0 following stress annealing.
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FIG. 3. (a) Isopermeability surfaces for of Cogg_,_,Fe,Mn,Nb,Si,B 4 alloys annealed at 520 °C at a 200 MPa stress (b) permeability of similarly

stress annealed Cogo_,—,Fe,V,Nb,Si,B 4 alloys.

Both Co-rich crystalline and amorphous phases are
strong ferromagnets with g lying in the minority spin
d-band.>>*>44 Thus, Fe substitutions rob from the
minority states in both, by moving &g to lower energies
consistent with Slater—Pauling curve and amorphous phase
Slater—Pauling curve.** Substitution of Mn (AZ = 2)
provides VBS’s in addition to those provided by Nb.
Mn is a FCC o-stabilizer with substantial solubility in
0-Co.** For annealing treatments at 520 °C, the thermo-
dynamic equilibrium crystalline phase is FCC in pure Co,
though nanostructures are typically heavily faulted.'®4¢~**
The SFE is equal to the differences in bulk free energies
between the FCC and HCP structures and in magnetic
materials the magnetic interface energy significantly con-
tributes to SFE.*’ Planar fault densities are a strong function
of solute concentration and SFEs are also sensitive to
alloying and partitioning. Estimates of the SFE requires the
interaction parameters between the FCC, o, and HCP, ¢,
phases as a function of solute composition, that are difficult
to quantitatively assess in nanostructures.

The alloy compositions Cogg,—,Fe,V,Nb,Si,B 4 with
V additions were annealed under stresses 100—-600 MPa.
The alloys have lower permeability [Fig. 3(b)] compared
to the Co—Fe—Mn system. The alloy FesV5 after 500 MPa
annealing exhibited a perfectly linear B—H loop, very low
permeability p = 3.0 at 8 kA/m, and the highest induced
anisotropy K, = 69.3 kJ/m®. This induced anisotropy
exceeds by a factor of ~3.5x the previous highest
reported values for stress annealed Co-based materials'®
but the 8 kA/m field was not sufficient to saturate the
material. The error bars in Fig. 2 reflect the n, = *=0.5
variation in the K,, measurement technique for low values
of .. The smaller permeabilities in the V-substituted
system are consistent with its larger valence difference
(AZ = 4) and consequently different VBS. From a materials
processability perspective, lower applied stresses and

J. Mater. Res., Vol. 31, No. 20, Oct 28, 2016

improved mechanical properties make practical fabrication
of low permeability stress annealed cores possible.

We observe a different influence of Fe and Mn additions
on electrical resistance of as cast and stress annealed
samples of the Cogp_,—,Fe,Mn,Nb,Si,B,4 alloys. In the
as-cast material (Fig. 4 top), Mn and V additions affect
resistivity more significantly than the Fe content. Fe in the
stress annealed nanocomposites (Fig. 4 bottom) shows
a stronger influence on the resistivity compared to the
as-cast material. This effect is more pronounced in
Co—Fe-Mn compared to Co-Fe-V compositions.
Resistance in stress annealed samples was independent
of the applied stress magnitude. The alloys with V,
Cogo—x—yFe,V,Nb,Si,B 4, have a significantly larger
resistance in the amorphous state and after stress annealing
as compared with similar Cogg_,_,Fe Mn,Nb,Si,B 4 alloys.
This demonstrates the role of VBS on scattering in the
amorphous and stress annealed states with V (AZ = 4)
exhibiting stronger scattering than Mn (AZ = 2). Fe with
(AZ = 1) does not strongly influence scattering at dilute
concentrations and chiefly changes the position of & in
rigid Co bands. These observations are consistent with
well-established models for late transition metal disordered
alloys where VBS states provide resonant scattering that
increases with composition and AZ.**** A recent
two-band model®® of the resistance of FeCo based
amorphous alloys show resistivities to diminish signifi-
cantly in Co-rich as compared with Fe-rich alloys. The
additions of VBS elements, notably V, are seen to yield
amorphous phase resistivities in Co-rich alloys comparable
to those reported for Fe-rich alloys (~140 pQ-cm). After
stress annealing, differences between predictions based on
the average alloy composition are likely to result from
differences in compositional partitioning of Mn and V
between crystalline and amorphous phases. For this reason,
compositional partitioning was investigated by APT.
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The maximum grain size of 10 nm in an annealed
Co754Fe; s3Mn, sNbsSi,B 4 alloy with and without stress
was determined by TEM and APT. Figure 5(a) shows
a dark field TEM image of a sample annealed without
stress and corresponding APT results. Significant parti-
tioning occurs during devitrification as evident in the ion
map [Fig. 5(b)] and 2D composition maps plotted from the
APT results [Fig. 5(c)] where red/blue areas have higher/
lower compositions respectively for the indicated

elements. The maps show the compositional partitioning
inal x 27 x 80 nm slab region in the APT result and
indicate two distinct regions. Co-rich regions, often also
enriched in Fe, likely corresponding to a crystalline phase
and Co-poor regions enriched in Mn, Si, Nb, and B,
correspond to the amorphous matrix. Volume fraction
estimates from x-ray diffraction (XRD) were not possible
due to large peak broadening,'® but appears to be ~55%
from APT. Figure 5(d) shows the concentration gradient
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FIG. 4. Resistance of as-cast (top) and stress annealed (bottom) Cogo_,_,Fe,V,Nb,Si,B4 and as-cast (top) and stress annealed (bottom)

Cogo_y—,Fe,Mn,Nb,Si,B 4 alloys.
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FIG. 5. (a) Dark field TEM image (40kx) of annealed Co;s4Fe; 3Mn, 3NbySi,B14 and (b) ion map of the APT reconstruction. The position of
1 x 27 x 80 nm region used to plot 2D compositional maps is marked with a black rectangle. (c) 2D composition maps from APT results show
partitioning of all elements. (d) Atomic concentration across a grain boundary estimated using proximity histogram.
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across a Co-rich/poor interface estimated using a proxim-
ity histogram with concentrations listed in Table I. Mass
balances from APT help to clarify partitioning.”’ The A
values are the difference between the Co-rich and Co-
poor regions far from the interface and the relative
percentage is calculated from the average elemental
concentration, Cgye (Ccotich T Cco-poor)/2, as:
|Cco—tich — Cave|/Cave for the Co-rich and similarly for
Co-poor regions. Dissolved VBS elements in the crystal-
line phase can alter SFE and increase resistivity. Fe is
preferentially dissolved in the crystalline phase and while
Mn partitions preferentially to the amorphous phase,
a measurable amount remains in the crystals. Larger
VBS concentrations in the matrix suggest importance for
residual amorphous phase scattering after nanocrystal-
lization. A residual amorphous phase reaches composi-
tions near binary Co-Nb and Co-B eutectics,”’ likely
approaching the condition for polymorphous secondary
crystallization.

HRTEM of stress annealed (300 MPa, 520 °C)
Co75.4Fe; 3Mn, 3NbysSi,B 4 shows close packed crystal-
line grains with evidence of stacking faults shown in
Fig. 6. Figure 6(a) shows a bright field image illustrating
the nanocrystalline grains and highlighting a single
crystalline grain oriented near a zone axis. Figure 6(b)
shows an electron diffraction pattern for the same.
The main ring corresponds to close packed {111} planes
in FCC Co. The inner ring matches {111} CoO spacing
and may correspond to a surface oxide layer, however
EELS showed less than 0.5% oxygen. Figure 6(c) shows
a HRTEM image highlighting lattice fringes in the single
oriented grain highlighted in Fig. 6(a) with FFT of these
two crystalline regions shown in Fig. 6(d). Lattice fringes
reveal a fault parallel to close packed planes between
two FCC crystals with (110) type zones. FFTs of the
individual regions (not shown) contain reflections with
angle separations near 55 and 71° and close packed spacing
to be ~0.204 nm in agreement with XRD measurements.
The presence of {200} fringes confirms FCC stacking
within each region. The lattice parameter for the cubic
structure is a = 0.354 nm with normals to the {200} planes

of each region separated by 70°. The observed faults in the
HRTEM images do not show clear preferential orientation
with respect to the stress axis. Intensity lobing of the inner
ring in Fig. 6(b) may arise from epitaxy between an oxide
and underlying, faulted metallic structure or potentially
from double diffraction.’® Evidence of planar faults,
aligned with respect to the stress axis remains a subject
of future work.

A. Sources of induced anisotropy

Figure 7(a) shows a cartoon illustrating features of the
MANC nanostructures that may impact induced magnetic
anisotropy. Building on prior nanostructural observations
we show features specific to the Co-based MANCS.
Co-based MANCs, have ostensibly <10 nm Co-rich
grains embedded in a glass former enriched matrix and as
nanocrystallization proceeds, crystalline regions displace
free volume that accumulates in the matrix. A portion of
this may remain trapped while some escapes the com-
posite. The free volume fraction has not been quantified
for Co-based MANCs and would make an interesting
further study. However, we can make arguments based
on typical concentrations in amorphous alloys on its role
in induced anisotropy. Prevailing models have expelled
large TE elements trapped at the nanocrystal/amorphous
matrix interface and act as nanocrystal growth inhibitors.®
The APT data above indicates that small TE elements
are also expelled but perhaps more uniformly through
the amorphous matrix, and with a small but signifi-
cant amount still soluble in the nanocrystals. In
Co7s.4Fe; 3sMn; 3NbySi; By, that crystallizes to form
close packed nanocrystalline phases, considerable
faulting in the nanocrystals has been observed.'®
Dissolved TE elements in nanocrystals likely affect
SFE, that depend on the density of states at the Fermi
level >

We now examine potential mechanisms for large
induced anisotropies. Considering exchange coupling in
random two phase magnets>* the magnetic Helmholtz
free energy is expressed as:

TABLE I. Comparison of APT concentrations in Co-rich and Co-poor regions of Co7s4Fe, 3Mn, 3NbySi,B14 nanocomposites annealed without

stress and 100 MPa.

Co-rich (at.%) Co-poor (at.%) A at.% % change

Element 0 MPa 100 MPa 0 MPa 100 MPa 0 MPa 100 MPa 0 MPa 100 MPa
Co 86.59 81.54 59.90 57.09 26.69 24.45 18.2 17.6
Fe 4.62 3.44 2.00 1.49 2.62 1.95 39.6 39.6
Mn 0.98 2.16 3.92 4.98 —2.94 —2.82 60.0 39.5
Nb 1.45 3.89 8.22 10.08 —6.77 —6.19 70.0 44.3
B 5.15 6.37 20.82 18.46 —15.66 —12.09 60.3 48.7
Si 1.04 2.10 4.56 6.82 —3.52 —4.72 62.9 52.9
C 0.16 0.50 0.56 1.09 —0.40 —0.59
(0] 0.01 0.01 0.02 0.00 —0.01 0.01
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FIG. 6. (a) BF image of a strain annealed Coys4Fe, 3Mn, 3Nb,Si,B14 sample showing grain sizes of multiple crystals, and (b) electron diffraction
pattern of the same, (c) HRTEM image highlighting lattice fringes in the region of a planar fault. (d) FFT of strain annealed Co75 4Fe, sMn, 3Nb,Si; B4
showing a planar fault. The fault occurs between two FCC grains (c).
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FIG. 7. (a) Features of the MANC nanostructures that may impact on the observed magnetic anisotropy (b) hypothetical equiaxed FCC crystal
with an octahedral shape chosen to illustrating close packed (111) planes and orthogonal (111)[110] slip systems (slip planes with ribbon coordinate
axis normals in red).
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where A(F) is the exchange stiffness, K;(¥) is the first
magnetocrystalline anisotropy constant of the nanocrys-
talline phase, M;(¥) defines the local magnetization
compared to the saturation value M,,, n; is the unit vector
of the easy magnetization direction, and H; the external
magnetic field. In the second term, Kj;(¥ — ) represents
the nonlocal kernel of the magnetostatic dipole—dipole
interaction with:

2

o Mo 3rirj = oyr

K;7r)=———""—7—"— . 5
() =2 (5)
Herzer’s random magnetic anisotropy model (RAM),”

in absence of a global magnetic anisotropy the first term

in the integral averages random magnetocrystalline an-

isotropy over an exchange volume:

AN32
vex—L2x~(Kl) . (6)

This yields an effective anisotropy, K., Which scales
as D° where D is the nanocrystalline grain diameter.
The introduction of a uniaxial crystalline or induced
anisotropy yields a K. which scales as D¢ In the
RAM, an anisotropy field Hx and the relative permeabil-
ity are expressed as:

w ) ()G o

In the context of this work, the tunability of the relative
permeability is then directly related to the microscopic
mechanism for stress induced anisotropy which we now
explore further.

In disordered two phase magnets, random stray fields
may contribute to inhomogeneity in the demagnetization
field as described in the second integrals in Eq. (4). These
inhomogeneities in the stray field would only contribute
to coercivity and losses if they become a sizable fraction
of the exchange length. If much smaller, demagnetization
effects may contribute to permeability reductions but not
to losses. Two possibilities for contributions arising from
nanocrystallization in a stress are:

(i) Spherical to ellipsoidal elongation of nanocrystals.
For the Co-based material shown in Fig. 6, K, = 13.2 kJ/m®
or |, = 30 with ~1 T induction. Shape anisotropy
accounting for this would require prolate spheroid grains

J. Mater. Res., Vol. 31, No. 20, Oct 28, 2016

with at least 9% elongation (much larger in practice
because of the finite reduced magnetization of the matrix).
Since such grain elongation and texturing is not readily
observed in stress annealed MANC:S, this mechanism does
not explain the tunability of permeability with stress
annealing. Compositions with K, ~ 50 kJ/m® would
require the long axis of the grain to be twice the short axis.

(i1) Distributed nano-sized gaps throughout the MANC.
The nanocrystallization of an amorphous precursor is
known to expel at most ~2-3% free volume originally
trapped in the amorphous state. A fraction of this free
volume can be trapped at metal/amorphous interfaces,
analogous to void nucleation at interfaces in crystalline
solids.? This can potentially yield a reduction in perme-
ability like that observed in distributed gap powder cores.
Gaps trapped near surfaces of nanograins would be too
small to provide free pole pinning of domain walls as
predicted by models of magnetostatic or strain pinning of
inclusions (voids) in magnetic materials,”’™° similar to
exchange volume averaging of free poles. Voids would
likely be anisotropically distributed after stress annealing,
but a relatively small (<2%) volume fraction suggests that
they would contribute much less than ~200 Oe to a
distributed gap saturating field (assuming they formed
transverse cylindrical voids replacing material with 1 T
induction). This is considerably smaller than the >1800
Oe anisotropy fields observed here and argues against
voids accounting significantly to the magnitude of the
measured anisotropy. Voids also do not account for the
apparent change of sign in K, we have observed after
stress annealing for very Co-rich compositions compared
to alloys with higher Fe, Mn, or V.

It is thus unlikely that stray field inhomogeneities
provide a significant stress induced anisotropies as
observed in Co-base MANCs. For this reason it is
justifiable to ignore the nonlocal kernel term in Eq. (3).
It has been noted that excess free volume can influence
structural anisotropy in creep deformed bulk amorphous
materials.®® Creep induced structural anisotropy in
Co-based amorphous materials has been recently mea-
sured to give rise to uniaxial magnetic anisotropies whose
absolute values are ~0.3 kJ/m>.°' To the extent that
this anisotropy is transmitted to the crystalline phase in
MANC S it may contribute to induced anisotropy in the
crystals but it is much smaller than anisotropies shown in
Fig. 2. Stress induced anisotropies in the Co-rich Nb
based alloys are thus likely attributed to local variations
in magnetic anisotropy due to:

(1) Low symmetry nanocrystalline phases (in the case
of Co-based nanocomposites, HCP Co). For composi-
tions where FCC is the stable phase at the crystallization
temperature, planar defects created though solute and
stress effects disrupt local cubic magnetocrystalline
anisotropy. For compositions where HCP is the stable
phase, planar defects in randomly oriented crystals alter
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the magnitude and orientation of the local magneto-
crystalline anisotropy. In nanocomposites with compet-
ing phases of similar free energies, interfacial effects can
influence the overall stability. For example, in Co-rich
Zr based nanocomposites an Fe enriched BCC phase
preferentially forms in nominal compositions well into
the single phase FCC region of the equilibrium FeCo
phase diagram.'> The BCC phase is not present in the
alloys described here and the observed structure from
XRD and TEM suggest that either the FCC or HCP
phase could be present. It is likely that the partitioned
regions observed in the APT concentration maps corre-
spond to unique structures so that the observed spacings
in diffraction patterns are a combination of more than
one phase. Efforts to determine the local structure within
the partitioned phases is ongoing, therefore the present
work considers either FCC or HCP parent phases as
potential sources of stress induced K.

(i) Magnetoelastic anisotropy can lead to induced
anisotropies in magnetic materials with large magneto-
strictive coefficients. In stress annealed FeSi based
MANCG:s, K, is controlled by the magnetostriction of the
crystalline phase and residual stress in the matrix.%*
Measurements of differential strain by peak shifts with
transmission XRD as first shown by Ref. 64 confirm this
theory. Similar experiments on a Co-rich MANC show
evidence of affine strain, but isolated peaks are not
present due to the high fault density and complicate the
comparison.'® In simpler Co-based amorphous materials,
magnetostrictive coefficients are observed®® to vary
systematically with VBS concentration, but the trend is
to reduce magnetostrictive coefficient magnitude with
increasing Fe, Mn, Cr, and V concentrations similar to
those reported here. Magnetostriction in the crystalline
phase is unknown, but is likely a small negative value.
Magnetostrictive coefficients are small, a few ppm, rela-
tively insensitive to stress,°® and induced anisotropies in
the amorphous phase under tensile stress®”%® are orders
of magnitude smaller than those reported here. Further,
magnetoelastic anisotropy has a strong temperature de-
pendence not observed in these MANCs. Thus, this is not

[110]
«—

[11-1]

(a)

a mechanism that explains the giant induced anisotropy
reported here.

(iii) Heterophase interfacial anisotropy at the metal/
amorphous interfaces can be associated with the lower
crystal field symmetries for atoms at the interface.
Finer nanocrystals increase the interfacial area per unit
volume. Very fine microstructures are observed in
Co-based MANCs but not sufficiently different from state
of the art Fe-based MANC:s to account for a considerable
increased fraction of the induced anisotropy. Given com-
parable interfacial anisotropies, the 10-fold increase in K,
in Co-based MANCs compared to Fe-based alloys would
require a 10" = 2.2 fold reduction in the nanocrystals
size, which is not observed.

(iv) Crystal interfaces, such as stacking faults and/or
growth or deformation twins, where the magnetic atoms
occupy local low symmetry environments can contribute
to significant local magnetic anisotropies in Co-based
materials. The early work of Sucksmith and Thompson®
determined the anisotropy field of Co to be 1.8 T.
Stacking faults in FCC a-Co possess local HCP symmetry
so that modest stacking fault densities could account for
anisotropy fields observed in Fig. 2 to be <15% that of
bulk HCP Co. Given our previous observations of
significant faulting in the nanocrystalline Co-rich phase'®
we consider this a likely source of induced anisotropy as
discussed in the next section.

B. Deformation slip and growth induced
anisotropy in nanocrystalline phases

Faulting can result by deformation in an ordered crystal
or during the process of crystal growth as illustrated in
Fig. 8. Figure 8(a) illustrates a hypothetical equiaxed FCC
crystal with a truncated cubic shape chosen to illustrate
(100) and close packed (111) planes with deformation slip
faulting in the {111}[110] slip system. Figure 8(b) shows
(111) planes of a cubic crystal with stacking faults
resulting from crystal growth by a ledge mechanism.
We argue that only the former mechanism would be
operative in Co-based MANCSs that are stress annealed

[111]

FIG. 8. (a) Hypothetical equiaxed FCC crystal with a truncated cubic shape chosen to illustrate (100) and close packed (111) planes with deformation
slip faulting in the (111)[110] slip system (b) (111) plane of a cubic with stacking faults resulting from crystal growth by a ledge mechanism.
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after nanocrystallization while both would be active in
MANC:S that are stress annealed during crystallization.

1. Induced anisotropy in crystalline soft magnetic
materials

Models of slip-induced anisotropy were developed to
successfully explain K|, after mechanical deformation first
in ordered FCC Ni-Fe alloysm’71 and later in ordered
BCC alloys.”*”* The model describes the formation of
easy magnetic planes or hard axes formed across slip planes
activated by a given stress condition. The developed K,
can be larger than the K; of the constituent elements, e.g.,
Refs. 70, 73, and 74 and the model successfully describes
the direction and magnitude of K, for several deformation
scenarios. The K, in the slip model is solely a consequence
of local chemical ordering as the parent FCC lattice is
maintained, but superlattice translational symmetries are
changed. Table Il shows the measured leading magneto-
crystalline anisotropy constant K; for several crystalline,
amorphous, and nanocomposite soft magnetic materials
and the maximum K, produced by rolling, field annealing,
or annealing under tensile stress. Pure Co has a large K;
with the easy axis parallel to the c-axis at low temperatures
that reorients to the basal plane above 230 °C.%%"”> Rolling
or field annealing Co can result in large K, without the
ordered bond pairings between different elements that
form the basis of the slip plane model. Instead, the direc-
tion and magnitude of K, in Co-rich crystalline materials
can be described by a texture developed during processing
and the orientation of the easy axis to the texture.”®
The field annealed K|, in Co is fairly straight forward in
that the applied field favors growth of HCP crystals from
one of the four {111} FCC planes that results in the lowest
free energy while cooling through the martensitic

transformation temperature.”’ Upon further cooling, the
sign change in K; results in a negative K, that is
perpendicular to the applied field direction. Alloying Co
can affect the K(7) behavior so that K; remains positive
up to the HCP—FCC transition temperature in Co,Ni;_y
when x > 7 at.%.”® This is evident in the change of sign
for field annealed K, in CogyNi,q compared pure Co from
Table II while the direction and magnitude of rolling
induced K, between these alloys is similar. In the original
work, the use of Co properties to predict the K, from
rolling stress resulted in the wrong sign as described in
Ref. 77, but this was resolved after considering the dHCP
structure with ABAC stacking that has the easy direction
in the basal plane.””® The K, direction from rolling
reflects the sign of K; as shown in Table II and the
temperature dependencies of the rolled K, match the K(7T)
of the respective HCP and dHCP phases.so Notably, K1(T)
for dHCP is fairly constant up to the martensitic trans-
formation temperature.®' Texturing was measured in
rolled® and field annealed®* crystalline Co and Co alloys
that supports the preferred orientation model.

Both basal plane slip and martensitic transformations
in Co are governed by defect reactions in close packed
structures.”’ In a single component material, a stacking
fault in close packed planes potentially creates an easy
magnetization direction in-plane or normal to the fault.
Multiple intersecting stacking faults can define magnetic
anisotropy similar to the ordering of like (BB) and unlike
(AB) atom pairs in the slip induced anisotropy model.”
In pure Co, stacking faults and {111} or {00.2} twins are
described in the Zhdanov or hc (h = HCP, ¢ = FCC)
notation’>“* and disruption in cubic symmetry occurs in
h blocks. Layers are labeled according to whether the
layer above and below a layer of interest are the same or
different. In HCP (ABAB stacking), layers above and

TABLE II. Leading magnetocrystalline anisotropy constants K, and maximum induced anisotropies K, in kJ/m® produced by rolling or annealing
under a field or tensile stress. Materials are polycrystalline unless the rolling orientation is noted and positive K, values correspond to easy
magnetization directions parallel to the rolling/field/tensile stress direction. All anisotropy constants are measured at room temperature.”

Composition Structure K Rolled K, Field K, Tensile K,
Fe BCC 48 (Ref. 85)

Ni FCC —4.5 (Ref. 85)

NizFe* FCC ~0 (Ref. 86) (110)[100] —26 (Ref. 87)

Fe; Al* BCC ~0 (Ref. 86) (110)[100] 71 (Ref. 74)

Fe 9Co49 Vo * CsCl ~0 (Ref. 85) —19 (Ref. 88) 0.4%** (Ref. 89)

Co FCC —62 (Ref. 90) . .

Co HCP 410 (Ref. 85) —32 (Ref. 82) —50 (Ref. 78)

Cog;Fe; dHCP —830 (Ref. 91) 34 (Ref. 82)

CogoNisg HCP 170 (Ref. 92) —30 (Ref. 78) 80 (Ref. 78)
Cog7FesMoy 5Si6.5B1y Amorphous e . A —0.24 (Ref. 70)
Fe;3.551;5.5B7NbsCu; Nano D05 0.025 (Ref. 36) —13 (Ref. 36)
(Coo.975F€0.025)89Z17B4 Nano BCC/FCC/HCP 2.4 (Ref. 12) —19 (Ref. 11)
CO72FE4MH4Nb4B14Si2 Nano FCC/HCP 2.0 —45.6
CoyoFesVsNbyB4Sis Nano FCC/HCP —69.3

“*Disordered, **ordered, ***Fes,Cos.
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below are the same, so each layer is hexagonally
surrounded and designated h. In FCC ABCABC stack-
ing, the layers above and below each plane are different
and designated c (for cubic). In periodically faulted
structures, there will be a sequence of h and c’s that is
repeated and identifies the structure. For random faulting
an infinite sequence is required and it is the fault density
that is important for properties. In the Neel model for
magnetic anisotropy,”* stacking faults and {111} twins
are indistinguishable in terms of their contribution to
anisotropy.

We can follow the bond orientational order rather than the
chemical order and express a pseudodipolar interaction for
faulting of FCC Co, as proportional to the local anisotropy
occurring at an h-block. Unlike the slip-induced anisotropy
discussed above, the symmetry breaking is of a rotational
rather than a translational symmetry and for Co gives rise
to an easy magnetic direction parallel to the plane normal
(as determined by the first order anisotropy constant for
Co). In general, stacking faults will increase/decrease the
magnetic anisotropy in FCC/HCP Co.”® The number of BB
bond’s in the Neel pair anisotropy model for ordered alloys
can be mapped into the number of faults in FCC Co and the
magnitude of the induced anisotropy is proportional to the
slip plane density.”® In pure Co, the magnetic anisotropy is
due to the symmetry of nearest neighbor anisotropy bonds,
whereas in ordered alloys the strength of the various bonds
must be factored in, as described above. The large difference
in K, between an amorphous Co-rich alloy®® and nano-
composite Co-rich alloys following stress annealing
shows the importance of structural ordering to magnetic
anisotropy (Table II). Further, differences between the
stress dependence of K, in Zr based and Nb based
Co-rich nanocomposites suggest different mechanisms,
or optimization of a mechanism that dominates K,
within a relatively small composition space (Fig. 2).
This is not surprising considering the variety in crystalline
Co-rich alloys, where both phase stability and magneto-
crystalline anisotropy are sensitive to small composition
changes.

2. Growth fault induced anisotropy in nanocrystalline
phases

Figure 7(b) shows an equiaxed FCC crystal, with
octahedral shape, chosen to illustrate terminating close
packed {111} planes. FCC stacking faults occur in {111}
planes, in 1 of 3 possible (110)-type directions. There are
4 {111} plane normals passing through prismatic tri-
angular faces and thus 12(4 x 3) slip systems. If a driving
force sufficient to disrupt the crystal stacking order acts
equally on all {111} planes in randomly oriented crystals,
no anisotropy is induced. For a defined tensile stress axis,
the maximum shear planes are oriented 45° to the axis
and in nanocomposites the amorphous phase transmits

3100

the shear stress. Ribbons show as much as 8-10%
elongation during stress annealing but much smaller
elongation results when stress annealing a ribbon that
was previously crystallized without stress. For randomly
oriented crystals a weighted linear combination analo-
gous to the Schmid factor”® will be observed. In a through
thickness direction when the amorphous phase magnet-
ically couples nanocrystals, there will be a sample shape
anisotropy suppression of K, through the thickness. For
deformation at 7 > T of the amorphous phase, ribbon
shape anisotropy thus appears after cooling.

Note that the Neel model treatment of anisotropy
in ordered alloys like Fe-Ni or pure low symmetry
structures considers only nearest neighbor (NN) interac-
tions. For 12-fold coordination, there are only 3 possible
close-packed NN configurations, the cuboctahedron
(FCC), twinned cuboctahedron (HCP), and icosahedron.”?
The first terms in a Neel expansion of the anisotropy
energy density are uniaxial for HCP, 4th order for cubic
and 6th order for icosahedral symmetries’’ potentially
present in the amorphous state.”® Considering a FCC
crystal, this implies bond orientational order is more
important than chemical order for inducing anisotropy
and that a large uniaxial anisotropy in HCP Co contributes
to strong local anisotropy at faults. The broad diffraction
peaks do not distinguish between FCC and HCP crystals in
the Co-rich Nb based compositions studied to date.'®
Absolute K,’s in our Co-based MANCs exceed K; of
FCC Co® but are considerably smaller than HCP Co
suggesting that stacking faults either strengthen or dilute
anisotropy for a FCC or HCP crystal respectively.
Alloying that reduces SFE will increase fault density in
Co and the magnitude of slip-induced anisotropy.

The details of the fault geometries and the direction of
the induced anisotropy depends on the deformation
mechanism and is likely different in nanocrystals than
bulk Co. In our experiments we applied tensile stress, and
randomly oriented nanocrystals grow from the parent
amorphous phase during nanocrystallization. A nucleation
agent such as Cu clustering is not required to achieve
a high nucleation density in Co-rich alloys. In many cases
small crystalline regions of as-cast material are found but
the growth faulting mechanism is independent of whether
or not they are present as long as the nucleated or pre-
existing phase is close packed. Randomly oriented
critical nuclei likely formed during rapid solidification
and small ordered regions were found in as-cast material.
We envision a growth mechanism where adatom attach-
ment to growing nanocrystals is fast enough that patches
of faulted and unfaulted regions could grow due to
coordinated atomic rearrangement from the as-cast state,
similar to a martensitic transformation, or by lateral ledge
growth [Fig. 8(b)] yielding a mosaic of fault domains in
a given plane with ledges nucleating on ledges before
individual planar growth is completed. Growth faults
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and faceting have been observed in metallic®*'% and

oxide'®""'°% nanocrystals grown from the (plasma) gas
phase, but generally nanocrystals growing is a solid—
solid phase transformation from the amorphous phase
do not exhibit strong faceting consistent with their rapid
and constrained growth.

A distinction between the microscopic mechanisms
for deformation faulting and growth faulting has been
made'® and the two distinguished by a deformation
fault containing 4 planes in a metastable FCC stacking
sequence and a growth fault containing 3 planes.'®*
Growth faulting has also been addressed in HCP crys-
tals'® in terms of contributions to scattering. Christian and
Mahajan'® have reviewed the field of deformation twin-
ning where faulted regions possess a mirror symmetry with
respect to the parent lattice. We reiterate that while there
are geometrical distinctions between faults, since the Neel
model of magnetocrystalline anisotropy is a nearest neigh-
bor model, {111} or {00.2} stacking faults or twins are
equivalent in their contribution to magnetic anisotropy.
However, faulting in HCP is possible on prismatic and
pyramidal planes is possible and should also be consid-
ered. A quantitative model of the extent that growth
faulting is biased by a tensile stress in nanocrystals growth
is at present not known, but we have performed critical
experiments to distinguish between deformation and
growth faulting described below.

It has been observed that in nanocrystallization without
a tensile stress, crystals are also heavily faulted.'® As we
see faults in materials crystallized both with and without
a stress, and stress annealing effects accompany crystal
growth from the amorphous matrix, it is reasonable to
assert that the crystals can have their growth faulting
biased in the presence of large tensile stress. We have
performed experiments that decoupled the nanocrys-
tallization step from the stress annealing step. In
samples of the Coys4Fe; 3Mn, 3NbySi,B14 alloy crys-
tallized at 520 °C, high permeability square loops are
observed after nanocrystallization without stress in
contrast to the low permeability material that results
after stress annealing.'® A similar effect was observed
in the Co;,Fes,MnyNb,Si,B 4 alloy that showed the
maximum K, for the FeMn system described above.

Figure 9 shows the BH loops for alloys with this
composition that were first annealed for 10 min with
minimum stress (<10 MPa, necessary to hold the sample
in the annealing furnace) and then had stress applied for
different times between 10 min and 2 h at the annealing
temperature. Each curve represents a separate sample with
a unique annealing treatment. For the sample annealed at
10 MPa for 10 min only, a square loop results with
relatively high coercivity. Samples that had a 200 MPa
stress applied after the initial anneal at 10 MPa show
similar high coercivity loops but permeability decreases
proportional to the duration of the applied stress. These
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FIG. 9. B(H) response for Co;,Fe,MnyNb,Si,B 4 samples annealed
with 200 MPa applied after an initial nanocrystallization at a minimal
(<10 MPa) stress as compared to an alloy crystallized in the presence
of a 200 MPa applied stress for the same duration of time. Hysteresis
loops are measured at 400 Hz on single strip samples.

loops differ dramatically compared to the BH loop of the
sample crystallized in a stress field (200 MPa) that shows
both low permeability and low coercivity. The samples
with stress applied after 10 min at the annealing temper-
ature respond to stress, but the induced anisotropy values
are 25 times smaller (permeability 25 times larger) than
those reported above for samples with simultaneous stress
annealing and nanocrystallization. While this demonstrates
induced anisotropy from a degree of deformation faults, or
contributions from the other mechanisms described above,
it is significantly less than that induced in samples where
primary crystallization occurred in the strain field and the
associated kinetics are clearly much more sluggish.

Induced anisotropies in samples stress annealed after
nanocrystallization are somewhat larger than those
observed in Fe—Ni based bulk (poly)crystalline alloys,
but those observed in the same alloy nanocrystallized
with applied stress are 25 times larger. It is further
reported that tensile strains as large as 8% are observed in
samples stress annealed while crystallizing while for
stress annealing post-nanocrystallization, strains are typ-
ically <2%. This is consistent with fully developed
nanocrystals impeding the deformation of the parent
amorphous phase and the loss of visco-plastic behavior
observed in some metallic glasses.'®” This also suggests
that frictional forces between the deforming matrix and
the growing ledges may also be influencing growth
induced stacking fault densities.

It has been reported'®® that growth faults are more
difficult to remove by annealing. This is attributed to the
fact that deformation faults can be unslipped by moving
a partial dislocation across close packed planes. It is
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conjectured that in the fast growth conditions in stress
annealing near the crystallization temperature close
packed planes may in fact not be single crystalline.
Instead they may be copiously faulted to the extent that
individual close packed planes planes may combine to
form complex 3D dislocation networks with low mobi-
lities. This would suggest an induced anisotropy for
growth faulting that is stable to higher temperatures.
A more detailed crystallographic model for growth
induced anisotropy in Co nanocrystals will be discussed
in a future publication.

C. Inductive application considerations

The influence of induced anisotropy on losses in high
frequency inductive components is postulated to reduce
anomalous eddy current losses associated with the motion
of domain walls in the switching process. This loss
increases as a power of frequency and therefore limits
use at high frequency. For K, < 0 materials with large
induced transverse anisotropy described above, the easy
axis results in domain magnetization normal to the
longitudinal (circumferential) field axis in a toroidal core.
As a result the switching is postulated to occur by a less
lossy rotational process. The added benefit of the TE
VBS additions is in increasing the resistivity to which
classical eddy current losses are inversely proportional.
Since classical eddy current losses scale like the square of
frequency, they represent a significant high frequency
loss mechanism. The sizable increase in resistivity caused
by resonant scattering off of the VBS has been docu-
mented for crystalline Co'® and amorphous Co-based
alloys and typically scales with the VBS concentration.

Since the exchange stiffness, A(7), is large in Co-based
alloys the temperature dependence of the magnetization
and magnetic anisotropy will be small to high temper-
atures, i.e., below the amorphous 7, phase transition

temperatures,()1 or a spin reorientation temperature.109

The high T of Co-based materials speaks to the relative
constancy of the magnetic switching at elevated temper-
ature. For this reason these materials offer advantages over
Fe-based MANC:s for passively cooled cores and operation
in higher temperature environments. In Fe-based MANC:s,
rotational processes have been observed to break up
above ~5 kHz for relatively weak induced anisot-
ropy.''® The stronger induced anisotropy and larger
exchange stiffness in Co-based alloys suggests advan-
tages at high frequencies.

Figure 10 shows high temperature properties of a
Co-based MANC. Figure 10(a) shows M(T) for a
Co75.4Fe; 3Mn, 3NbySi,B 4 sample heated from the
as-cast state to 550 °C and subsequently cooled to room
temperature. The fitted curve shows the T¢ of the as-cast
amorphous phase is 557 °C. Figure 10(b) shows the
temperature dependence of permeability for a toroidal
core excited with a 100 Oe field amplitude sine wave
at 50 kHz, for an optimally stress annealed sample.
In Fe-based systems, induced anisotropy is related to
the residual stress (o) and magnetostriction in the
nanocrystals, each with respective temperature dependen-
cies K(T) ~ o(DMT). Permeability is stable in the
Co-rich material (within ~10%) over a wide temperature
range, further indicating that the anisotropy mechanism
differs from the magnetoelastic coupling found in Fe-Si
based MANCs.®*'"" The large rise at ~500 °C is
consistent with a Hopkinson peak''? that accompanies
decoupling of the nanocrystals near the (reduced) 7¢ of
the glass former enriched amorphous phase after nano-
crystallization. Hopkinson peaks in coercivity versus
temperature have been observed at much lower temper-
atures in Finemet magnets.''® Alternatively, the in-
crease in permeability could be due to loss of the
structural anisotropy caused by thermally activated
defect motion.
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FIG. 10. Temperature dependent magnetic response for a Co;s 4Fe, sMn, 3NbySi, B4 alloy, stress annealed at 157 MPa. (a) M(T) on heating and
cooling with an amorphous phase Tc = 557 °C determined from a Brillouin function fit; (b) relative permeability as a function of temperature for
a toroidal core excited with a 100 Oe field amplitude sine wave at 50 kHz; and (c) room temperature permeability under the same conditions as

(b) as a function of the field annealing temperature.
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The magnetic behavior observed prior to decoupling is
called exchange softening.’®''* Dipolar interactions exist
between the nanoparticles as well as exchange field
coupling into the amorphous matrix. This can lead to
a weak ferromagnetic-like coupling between the nano-
crystalline grains at temperatures above the T of the
amorphous matrix as reported in Refs. 114-117 recently
described as “superferromagnetism”."'® Figure 10(c) shows
room temperature permeability as a function of the field
annealing temperature. It is observed that the lowest
permeability (largest K,) is achieved for field annealing
near T¢ of as-cast amorphous phase. This suggests that
the T¢c of amorphous phase may provide an ultimate
limit for high temperature switching. Observation of
domain coupling through “superferromagnetism”''®
above the Hopkinson peak and the symmetry of dipolar
fields''” at elevated temperature, will be important
future observations.

Advances in materials have the potential to enable
revolutionary advances at the full device and component
level as exemplified by the rising prevalence of wide-
bandgap semiconductor based switching devices. Since
the stress applied during a continuous annealing process
can be varied, it is possible to engineer graded perme-
abilities in ribbons allowing variation of the permeability
in regions of a core with geometries that provide hot
spots. Demonstration of graded permeability will be the
subject of future work. As illustrated in Fig. 11, we envision
several modes of controlling of stress annealing to allow for
tunable, graded, and heterogeneous core permeabilities with
advanced systems control of stress annealing processing.
A new ability to controllably tune the permeability of
low-loss inductive materials over an unprecedented

(@)

range of values through a combination of compositional
adjustment and thermal-mechanical or thermal-magnetic
processing can similarly open new opportunities for
optimizing overall performance at the component and
device level for passive and inductive based devices.
This affects a broad array of emerging applications that
have the potential for dramatic impacts on the efficiency of
the electrical energy transmission, distribution, and utili-
zation infrastructure which in many cases are also directly
linked with recent advances in wide-bandgap based semi-
conductor devices. Such relevant applications span power
electronics conversion systems (grid integration of re-
newable and other distributed generation, HVDC, and
FACTS systems) for the T&D system of the future,
passive and wireless magnetic field/current sensors for
power flow monitoring and control as well as asset
monitoring in an existing and aging T&D system, and
higher efficiency electrical machines for industrial
motors and generators. Of particular interest for these
applications will be tunable and controlled permeabil-
ities that can be sustained under high operational
temperatures and can also be modified heteroge-
neously throughout an inductive component, as desired
making the amorphous and nanocrystalline alloys de-
scribed here ideal systems to provide the needed
functionality. Through close collaborations between
the materials research and development community as
well as the device and systems-level engineers, advan-
ces in permeability engineering of inductive materials
can provide new tools to power electronics, motor, and
sensor developers to achieve a global optimization of
materials and device performance not previously
attainable.

4  Tunable Graded A Heterogeneous

P — uM

B -

Ribbon Length Ribbon Length

v

Ribbon Length

R

(b)

FIG. 11. (a) Tensioning rolls and annealing furnace used in stress annealing at an industrial scale (b) modes of controlling of stress annealing to

allow for tunable, graded, and heterogeneous core permeabilities.
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V. CONCLUSIONS

Stress annealed magnetic nanocomposites are of in-
terest for inductive components. Induced magnetic aniso-
tropies, K,,’s, in first generation stress annealed Co-based
MANC:s exhibit a response to applied stress twice that of
Fe-based MANCS. Induced anisotropies, K, ~ 20 kJ/m?
(anisotropy fields, Hx ~ 500 Oe), in first generation
stress annealed Co-rich MANCs have been increased to
K, ~ 70 kJ/m® (Hx > 1800 Oe) in new systems reported
here. These systems have dilute concentrations of early
transition metal elements, Mn, Cr, and V, that contribute
virtual bound states (VBS) to the parent magnetic metal
d-bands. Induced anisotropy values for these systems do
not depend on magnetoelastic interaction between crys-
talline grains and the amorphous matrix, but rather
correlate strongly with expected variations in SFE mod-
ified by VBS. We consider faults in the nanocrystalline
phase, aligned by the local stress field during crystalli-
zation, to be the likely operative mechanism for inducing
anisotropy. The combination of large resistivities, as
compared with crystalline alloys, and induced anisotro-
pies impact high frequency losses in these materials.
The large exchange stiffness in Co-based systems enables
low loss switching at elevated temperatures and tunability
of permeability suggests continuous processes to produce
graded permeabilities impacting spatial uniformity of the
temperature in the core.

ACKNOWLEDGMENTS

A.M.L. and M.E.M. were supported by ARPA-E Award
No. DE-AR0000219. V.K. was partially supported by
ARPA-E Award No. DE-AR0000219 and by the U. S.
Army through Award W911NF1410184. The authors
also acknowledge support from the DOE Solar Energy
Technology Office and the Grid Modernization Laboratory
Consortium through the SuNLaMP initiative under agree-
ment # DE-EE-00031004. Atom probe tomography was
performed using Environmental Molecular Sciences
Laboratory (EMSL), a national scientific user facility
sponsored by the Department of Energy’s Office of
Biological and Environmental Research. EMSL is
located at PNNL, a multiprogram national laboratory
operated by Battelle Memorial Institute under Contract No.
DE-AC05-76RL01830 for the U.S. Department of Energy.
AD would like to acknowledge the funding from the
Material Synthesis and simulations Initiative conducted
under the Laboratory Directed Research and Development
Program at Pacific Northwest National Lab (PNNL). The
authors thank T. Nuhfer for HRTEM imaging.

REFERENCES

1. A.R. Hefner: High-voltage, high-frequency devices for solid
state power substation and grid power converters. In High

Megawatt Power Converter Technology R&D Roadmap
Workshop. (2008). http://www.nist.gov/pml/high_megawatt/
upload/Hefner.pdf.

2. R. Ram: Power Electonics (ARPA-E, 2011). http://arpa-e.energy.
gov/?q=events/power-electronics-photovoltaic-systems-workshop.

3. G.V. Brown, A.F. Kascak, B. Ebihara, D. Johnson, B. Choi,
M. Stebert, and C. Buccieri: NASA Glenn Research Center
Program in high power density motors for aeropropulsion
(2005).  http://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/
20060003628.pdf.

4. Power Electronics Research and Development Program Plan
(2011). http://energy.gov/oe/downloads/power-electronics-research-
and-development-program-plan.

5. W. Shen, F. Wang, D. Boroyevich, and C.W. Tipton: Loss
characterization and calculation of nanocrystalline cores for high-
frequency magnetics applications. IEEE Trans. Power Electron.
23, 475-484 (2008).

6. M.E. McHenry, M.a. Willard, and D.E. Laughlin: Amorphous
and nanocrystalline materials for applications as soft magnets.
Prog. Mater. Sci. 44, 291-433 (1999).

7. O. Gutfleisch, M.A. Willard, E. Briick, C.H. Chen, S.G. Sankar,
and J.P. Liu: Magnetic materials and devices for the 21st century:
Stronger, lighter, and more energy efficient. Adv. Mater. 23,
821-842 (2011).

8. M.A. Willard and M. Daniil: Nanocrystalline soft magnetic
alloys two decades of progress. In Handbook of Magnetic
Materials, Vol. 21 (Elsevier B.V., Amsterdam, 2013).

9. M. Kurniawan, R.K. Roy, A.K. Panda, D.W. Greve, and
P.R. Ohodnicki: Interplay of stress, temperature, and giant
magnetoimpedance in amorphous soft magnets. Appl. Phys. Lett.
105, 1-5 (2014).

10. M. Kurniawan, R.K. Roy, a.K. Panda, D.W. Greve, P. Ohodnicki,
and M.E. McHenry: Temperature-dependent giant magnetoimpe-
dance effect in amorphous soft magnets. J. Electron. Mater.,
43(112), 4576-4581 (2014). doi: 10.1007/s11664-014-3469-7.

11. S.J. Kernion, P.R. Ohodnicki Jr., J. Grossmann, A. Leary,
S. Shen, V. Keylin, J.F. Huth, J. Horwath, M.S. Lucas, and
M.E. McHenry: Giant induced magnetic anisotropy in strain
annealed Co-based nanocomposite alloys. Appl. Phys. Lett. 101,
102408 (2012).

12. P.R. Ohodnicki, J. Long, D.E. Laughlin, M.E. McHenry, V. Keylin,
and J. Huth: Composition dependence of field induced anisotropy in
ferromagnetic (Co,Fe)goZr;B4 and (Co,Fe)ggZr;B4Cu; amorphous
and nanocrystalline ribbons. J. Appl. Phys. 104, 113909 (2008).

13. P.R. Ohodnicki, D.E. Laughlin, M.E. McHenry, V. Keylin, and
J. Huth: Temperature stability of field induced anisotropy in
soft ferromagnetic Fe,Co-based amorphous and nanocomposite
ribbons. J. Appl. Phys. 105, 07A322 (2009).

14. AM. Leary, P.R. Ohodnicki, and M.E. McHenry: Soft magnetic
materials in high-frequency, high-power conversion applications.
JOM 64, 772-781 (2012).

15. M. Daniil, P.R. Ohodnicki, M.E. Mchenry, and M.A. Willard:
Shear band formation and fracture behavior of nanocrystalline
(Co,Fe)-based alloys. Philos. Mag. 90, 1547-1565 (2010).

16. TM. Heil, K.J. Wahl, A.C. Lewis, J.D. Mattison, and
M.A. Willard: Nanocrystalline soft magnetic ribbons with high
relative strain at fracture. Appl. Phys. Lett. 90, 212508 (2007).

17. V. DeGeorge, S. Shen, P. Ohodnicki, M. Andio, and
M.E. McHenry: Multiphase resistivity model for magnetic nano-
composites developed for high frequency, high power trans-
formation. J. Electron. Mater. 43, 96-108 (2013).

18. A.M. Leary, V. Keylin, P.R. Ohodnicki, and M.E. McHenry:
Stress induced anisotropy in CoFeMn soft magnetic nanocom-
posites. J. Appl. Phys. 117, 17A338 (2015).

19. J. Friedel: Metallic alloys. Nuovo Cimento VII, 287-311 (1958).

3104 J. Mater. Res., Vol. 31, No. 20, Oct 28, 2016



Editor's Feature

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

J.C. Slater: Electronic structure of alloys. J. Appl. Phys. 8, 385
(1937).

L. Pauling: The nature of the interatomic forces in metals. Phys.
Rev. 54, 899-904 (1938).

M.E. Mchenry and D.E. Laughlin: In Phys. Metall., Vol. 2
(Elsevier B.V., Amsterdam, 2014); pp. 1881-2008.

V.1. Anisimov, V.P. Antropov, A.L. Lichtenstein, V.A. Gubanov,
and A.V. Postnikov: Electronic structure and magnetic properties
of 3d impurities in ferromagnetic metals. Phys. Rev. B 37, 5598
(1988).

V.S. Stepanyuk, R. Zeller, P.H. Dederichs, and I. Mertig:
Electronic structure and magnetic properties of dilute Co
alloys with transition-metal impurities. Phys. Rev. B 49(8),
5157-5164 (1994).

B.W. Corb and R.C. O’Handley: Magnetic properties and short-
range order in Co-Nb-B alloys. Phys. Rev. B 31, 7213-7218 (1985).
A.P. Malozemoff, A.R. Williams, and V.L. Moruzzi: “Band-gap
theory” of strong ferromagnetism: Application to concentrated
crystalline and amorphous Fe- and Co-metalloid alloys. Phys.
Rev. B 29, 1620-1632 (1984).

AM. Ghemawat, M.E. McHenry, and R.C. O’Handley:
Magnetic moment suppression in rapidly solidified Co-TE-B
alloys. J. Appl. Phys. 63, 3388-3390 (1988).

B. Ramalingum, J. van Ek, J.M. MacLaren, and M.E. McHenry:
Electronic structure and bonding in titanium carbosulfide. Philos.
Mag. B 80, 379-394 (2000).

P.R. Ohodnicki, V. Keylin, H.K. McWilliams, D.E. Laughlin,
and M.E. McHenry: Phase evolution and field-induced magnetic
anisotropy of the nanocomposite three-phase fcc, hcp, and
amorphous soft magnetic alloy Co[sub 89]Zr[sub 7]B[sub 4].
J. Appl. Phys. 103, 07E740 (2008).

A. Hsiao, M.E. McHenry, D.E. Laughlin, M.J. Kramer, C. Ashe,
and T. Ohkubo: The thermal, magnetic, and structural charac-
terization of the crystallization amorphous soft magnetic ribbon.
IEEE Trans. Magn. 38, 3039-3044 (2002).

J.M. MacLaren, T.C. Schulthess, W.H. Butler, R. Sutton, and
M. McHenry: Electronic structure, exchange interactions, and
Curie temperature of FeCo. J. Appl. Phys. 85, 4833 (1999).
D.H. Ping, Y.Q. Wu, K. Hono, M.A. Willard, D.E. Laughlin, and
M.E. McHenry: Microstructural characterization. Scr. Mater. 45,
781-786 (2001).

C. Zener: Classical theory of the temperature dependence of
magnetic anisotropy energy. Phys. Rev. 96, 1-3 (1954).

H.B. Callen and E. Callen: The present status of the temperature
dependence of magnetocrystalline anisotropy, and the 1(1 + 1)/2
power law. J. Phys. Chem. Solids 27, 1271-1285 (1966).

G. Herzer, V. Budinsky, and C. Polak: Magnetic properties
of Fe Cu Nb Si B nanocrystallized by flash annealing under
high tensile stress. Phys. Status Solidi B 248, 2382-2388
(2011).

H. Iwanabe, B. Lu, M.E. McHenry, and D.E. Laughlin: Thermal
stability of the nanocrystalline Fe—Co-Hf-B—Cu alloy. J. Appl.
Phys. 85, 4424 (1999).

M.A. Willard, D.E. Laughlin, M.E. McHenry, D. Thoma,
K. Sickafus, J.O. Cross, and V.G. Harris: Structure and magnetic
properties of (FeysCogs)ssZr;B4Cu; nanocrystalline alloys.
J. Appl. Phys. 84, 6773 (1998).

M.S. Lucas, W.C. Bourne, A.O Sheets, L. Brunke, M.D. Alexander,
J.M. Shank, E. Michel, S.L. Semiatin, J. Horwath, and Z. Turgut:
Nanocrystalline Hf and Ta containing FeCo based alloys for high
frequency applications. Mater. Sci. Eng., B 176, 1079-1084 (2011).
A.M. Leary, P.R. Ohodnicki, M.E. McHenry, V. Keylin, J. Huth,
S.J. Kernion: Tunable anisotropy of Co-based nanocomposites
for magnetic field sensing and inductor applications. U.S. Patent
Application 2014/0338793 Al, filed May 15, 2014.

J. Mater. Res., Vol. 31, No. 20, Oct 28, 2016

40

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

. K. Thompson, D. Lawrence, D.J. Larson, J.D. Olson,
T.F. Kelly, and B. Gorman: In situ site-specific specimen
preparation for atom probe tomography. Ultramicroscopy 107,
131-139 (2012).

F.D. Tan, J.L. Vollin, and S.M. Cuk: A practical approach for
magnetic core-loss characterization. IEEE Trans. Power Elec-
tron. 10, 124-130 (1995).

D. Hou, M. Mu, F.C. Lee, and Q. Li: New core loss measure-
ment method with partial cancellation concept. Presented at the
2014 IEEE Appl. Power Electron. Conf. Expo.—APEC 2014,
pp. 746-751 (2014). doi: 10.1109/APEC.2014.6803391.

B.W. Corb, R.C. O’Handley, and N.J. Grant: Chemical bonding
and local symmetry in cobalt- and iron-metalloid alloys. J. Appl.
Phys. 53, 7728-7730 (1982).

R.C. O’Handley: Physics of ferromagnetic amorphous alloys.
J. Appl. Phys. 62, R15 (1987).

T.B. Massalski, H. Okamoto, P.R. Subramanian, and L. Kacprzak,
eds.: Binary alloy phase diagrams (ASM International, Materials
Park, 1990).

P.R. Ohodnicki, Y.L. Qin, D.E. Laughlin, M.E. McHenry,
M. Kodzuka, T. Ohkubo, K. Hono, and M.A. Willard:
Composition and non-equilibrium crystallization in partially
devitrified Co-rich soft magnetic nanocomposite alloys. Acta
Mater. 57, 87-96 (2009).

R. Goswami and M. Willard: Microstructure evolution in rapidly
solidified ferromagnetic (CoggsFeq 05)s90Zr7B4 nanocrystalline
alloys. Scr. Mater. 59, 459—462 (2008).

Y.T. Zhu, X.Z. Liao, and X.L. Wu: Deformation twinning in
nanocrystalline materials. Prog. Mater. Sci. 57, 1-62 (2012).
K. Ishida: Direct estimation of stacking fault energy by
thermodynamic analysis. Phys. Status Solidi 36, 717-728
(1976).

S. Shen, P.R. Ohodnicki, S.J. Kernion, and M.E. Mchenry:
Two-current model of the composition dependence of resistivity
in amorphous (Fe;go_Coy)g9_,Zr;B4Cu,, alloys using a rigid-band
assumption. J. Appl. Phys. 112, 103705 (2012).

V. Degeorge, A. Devaraj, V. Keylin, J. Cui, and M. Mchenry:
Mass balance and atom probe tomography (APT) characteriza-
tion of soft magnetic (FegsC035)79.5B1351,NbsCu; 5 nanocompo-
sites. IEEE Trans. Magn. 51, 18-21 (2014).

C.J. Calbick and R.B. Marcus: Application of the twinning
transformation matrix to derivation of the generalized reciprocal
lattice with multiple diffraction. Acta Crystallogr. 23, 12-17
(1967).

V.E. Panin and V.P. Fadin: Relation between stacking fault
energy and the electronic structure of a metal or alloy. Sov. Phys.
J. 12, 1191-1197 (1972).

R. Skomski and J.M.D. Coey: Exchange coupling and energy
product in random two-phase aligned magnets. [EEE Trans.
Magn. 30, 607-609 (1994).

G. Herzer: In Handb. Magn. Mater., Vol. 10 (Elsevier,
Amsterdam, 1997); pp. 415-462.

K. Suzuki and G. Herzer: Magnetic-field-induced anisotropies
and exchange softening in Fe-rich nanocrystalline soft magnetic
alloys. Scr. Mater. 67, 548-553 (2012).

R. Becker and W. Doring: Ferromagnetismus (Springer-Verlag,
Berlin, 1938).

R. Becker and M. Kersten: Die Magnetisierung von Nickeldraht
unter starkem Zug. Z. Phys. 64, 660-681 (1930).

M. Kersten: Problems of the Technical Magnetisation Curve
(Springer, Berlin, 1938).

R.T. Ott, M.J. Kramer, M.F. Besser, and D.J. Sordelet:
High-energy x-ray measurements of structural anisotropy and
excess free volume in a homogenously deformed Zr-based
metallic glass. Acta Mater. 54, 2463-2471 (2006).

3105



Editor's Feature

61

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

310

. M. Ohnuma, G. Herzer, P. Kozikowski, C. Polak, V. Budinsky,
and S. Koppoju: Structural anisotropy of amorphous alloys with
creep-induced magnetic anisotropy. Acta Mater. 60, 1278-1286
(2012).

G. Herzer: Creep induced magnetic anisotropy in nanocrystalline
Fe-Cu-Nb-Si-B alloys. IEEE Trans. Magn. 30, 4800-4802
(1994).

F. Alves, J.B. Desmoulins, D. Herisson, J.F. Rialland, and
F. Costa: Stress-induced anisotropy in Finemet- and Nanoperm-
type nanocrystalline alloys using flash annealing. J. Magn. Magn.
Mater. 216, 387-390 (2000).

M. Ohnuma, K. Hono, T. Yanai, H. Fukunaga, and Y. Yoshizawa:
Direct evidence for structural origin of stress-induced magnetic
anisotropy in Fe-Si—-B—Nb—Cu nanocrystalline alloys. Appl. Phys.
Lert. 83, 2859-2861 (2003).

R.C. O’Handley: Magnetostriction of Cogy_, T B,o (T = Fe, Mn,
Cr, or V) glasses. J. Appl. Phys. 52, 1841-1843 (1981).

J.M. Barandiaran, A. Hernando, V. Madurga, O.V. Nielsen,
M. Vazquez, and M. Vazquez-Lopez: Temperature, stress,
and structural-relaxation dependence of the magnetostriction
in (CogosFeo6)755115B1o glasses. Phys. Rev. B 35, 5066-5071
(1987).

A. Hernando: Influence of the tensile stress on the magne-
tostriction resistivity and magnetic anisotropy of Co-rich
metallic glasses. TSRO and CSRO correlation. Phys. Scr.
T24, 11-21 (1988).

J. Haimovich, T. Jagielinski, and T. Egami: Magnetic and
structural effects of anelastic deformation of an amorphous alloy.
J. Appl. Phys. 57, 3581-3583 (1985).

W. Sucksmith and J.E. Thompson: The magnetic anisotropy of
cobalt. Proc. R. Soc. A 225, 362-375 (1954).

S. Chikazumi, K. Suzuki, and H. Iwata: Studies on the
magnetic anisotropy induced by cold rolling of ferromagnetic
crystal (I) iron—nickel alloys. J. Phys. Soc. Jpn. 12, 1259-1275
(1957).

G.Y. Chin: Slip-induced directional order in Fe-Ni alloys. I
Experimental observations. J. Appl. Phys. 38, 2623-2629
(1967).

S. Chikazumi, K. Suzuki, and H. Iwata: Studies on the
magnetic anisotropy induced by cold rolling of ferromagnetic
crystal, II. Iron—-aluminum alloys. J. Phys. Soc. Jpn. 15, 250—
260 (1960).

G.Y. Chin: Slip-induced directional order theory for B2-type
superlattiees. Mater. Sci. Eng. 1, 77-90 (1966).

G.Y. Chin: Slip-induced directional order in Fe-Ni alloys.
I. Extension of the Chikazumi—Suzuki-Iwata theory. J. Appl
Phys. 36, 2915 (1965).

D.M. Paige, B. Szpunar, and B.K. Tanner: The magnetocrystal-
line anisotropy of cobalt. J. Magn. Magn. Mater. 44, 239-248
(1984).

M. Takahashi, S. Kadowaki, T. Wakiyama, T. Anayama,
and M. Takahashi: Magnetic anisotropy induced by magnetic
annealing and cold rolling for Co and Co-Ni alloys. I
Experimental. J. Phys. Soc. Jpn. 47, 1110-1116 (1979).

M. Takahashi, S. Kadowaki, T. Wakiyama, T. Anayama,
and M. Takahashi: Magnetic anisotropy induced by magnetic
annealing and cold rolling for Co and Co-Ni alloys II.
Analysis by a statistical model. J. Phys. Soc. Jpn. 47, 1117-1124
(1979).

M. Takahashi, S. Kadowaki, T. Wakiyama, T. Anayama, and
M. Takahashi: Magnetocrystalline anisotropy of Co and CoNi
alloys. J. Phys. Soc. Jpn. 44, 825-832 (1978).

T. Wakiyama, H.C. Wolfe, C.D. Graham, and J.J. Rhyne:
Magnetic and crystalline properties of hexagonal Co-Fe alloys.
AIP Conf. Proc. 921, 921-940 (1973).

6

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

T. Tanaka, M. Takahashi, S. Kadowaki, and T. Wakiyama:
Magnetic anisotropy induced by cold rolling in Co and Co-Fe
alloys. J. Appl. Phys. 69, 396 (1991).

M. Takahashi and S. Kadowaki: Anomalous temperature de-
pendence of magnetocrystalline anisotropy in dilute cobalt—iron
alloys. J. Phys. Soc. Jpn. 48, 1391-1392 (1980).

T. Tanaka, M. Takahashi, and S. Kadowaki: Induced uniaxial
magnetic anisotropy and preferred orientation in Co and Co-Ni
alloy by magnetic annealing. J. Appl. Phys. 84, 6768-6772
(1998).

R.C. O’Handley: Modern Magnetic Materials (John Wiley &
Sons, Inc., New York, 2000).

R.C. Hall: Single crystal anisotropy and magnetostriction con-
stants of several ferromagnetic materials including alloys of
NiFe, SiFe, AlFe, CoNi, and CoFe. J. Appl. Phys. 30, 816-819
(1959).

S. Chikazumi: Magnetic anisotropy induced by magnetic anneal-
ing and by cold working of NisFe crystal. J. Appl. Phys. 29, 346
(1958).

A.T. English: Effect of ordering on rolling-induced magnetic
anisotropy in FeCo-2V. J. Appl. Phys. 38, 997 (1967).

M. Takahashi and T. Kono: Magnetic anisotropy induced by
magnetic and stress annealing in Co, Co—Ni, and Co-Fe alloys.
Jpn. J. Appl. Phys. 17, 361-369 (1978).

T. Suzuki et al.: Magnetic and magneto-optic properties of thick
face-centered-cubic Co single-crystal films. Appl. Phys. Lett. 64,
2736-2738 (1994).

N. Mori, T. Ukai, and S. Kono: Ferromagnetic anisotropy of
double hexagonal Co—Fe alloy. J. Phys. Soc. Jpn. 37, 1278-1284
(1974).

M. Takahashi, T. Wakiyama, T. Anayama, M. Takahashi,
and T. Suzuki: Magnetic anisotropy in Co and Co-Ni single
crystals deformed by cold rolling. J. Phys. Soc. Jpn. 38, 391-399
(1975).

R.T. Johnson and R.D. Dragsdorf: The martensitic transformation
in cobalt. J. Appl. Phys. 38, 618-626 (1967).

M. DeGraef and M.E. McHenry: Structure of Materials
(Cambridge University Press, Cambridge, 2012).

J.E. Iglesias: Zhdanov’s rules work both ways. Acta Crystallogr.,
Sect. A: Found. Crystallogr. 62, 195-200 (2006).

L. Neel: Anisotropie magnetique superficielle et surstructures
d’orientation. J. Phys. Radium 15, 225-239 (1954).

C.J. Aas, L. Szunyogh, and R.W. Chantrell: Effect of stacking
faults on the magnetocrystalline anisotropy of hcp Co:
A first-principles study. J. Phys.: Condens. Matter 25, 1-13
(2013).

G.E. Dieter: Mechanical Metallurgy (McGraw Hill, New York,
1976).

M.E. McHenry, R.C. O’Handley, W. Dmowski, and T. Egami:
Magnetism in icosahedral structures (invited). J. Appl. Phys.
61, 4232-4236 (1987).

M.E. Mchenry, M.E. Eberhart, R.C. O’Handley, and
K.H. Johnson: Electronic structure and magnetism in amor-
phous alloys exhibiting local icosahedral order. J. Magn.
Magn. Mater. 54, 279-280 (1986).

NJ. Jones, K.L. McNerny, A.T. Wise, M. Sorescu,
M.E. McHenry, and D.E. Laughlin: Observations of oxidation
mechanisms and kinetics in faceted FeCo magnetic nanopar-
ticles. J. Appl. Phys. 107, 09A304 (2010).

N.J. Jones, R. Swaminathan, M.E. McHenry, and D.E. Laughlin:
Nucleation and growth model for {110}- and {111 }-truncated
nanoparticles. J. Mater. Res. 30, 3011-3019 (2015).

R. Swaminathan, N.T. Nuhfer, and M.E. McHenry: 3-Dimensional
morphologies of truncated ferrite nanoparticles. Microsc.
Microanal. 11, 2004-2005 (2005).

J. Mater. Res., Vol. 31, No. 20, Oct 28, 2016



Editor's Feature

102

103.
104.

105.

106.

107.

108.

109.

110.

111.

R. Swaminathan, M.A. Willard, and M.E. McHenry: Experimen-
tal observations and nucleation and growth theory of polyhedral
magnetic ferrite nanoparticles synthesized using an RF plasma
torch. Acta Mater. 54, 807-816 (2006).

C. Barrett: Structure of Metals (McGraw Hill, New York 1952).
C.R. Houska: In Mater. Sci. Res., HM. Ott and S.R. Locke, eds.;
Springer, Berlin 1965; pp. 111-119.

J.W. Christian: A note on deformation stacking faults in hexagonal
close-packed lattices. Acta Crystallogr. 7, 415-416 (1954).

J.W. Christian and S. Mahajan: Deformation twinning. Prog.
Mater. Sci. 39, 1-157 (1995).

A. Inoue: Stabilization of metallic supercooled liquid and bulk
amorphous alloys. Acta Mater. 48, 279-306 (2000).

Y. Aoki, Y. Gotoh, and Y. Obi: On the phase diagram of the
Co-rich Co-V alloy system. Phys. Status Solidi A 36, 149-152
(1976).

E.F. Bertaut, A. Delapalme, and R. Pauthenet: Rotation des
spins dans le cobalt hexagonal. Solid State Commun. 1, 81-84
(1963).

S. Flohrer, R. Schifer, J. McCord, S. Roth, L. Schutlz, and
G. Herzer: Magnetization loss and domain refinement in nano-
crystalline tape wound cores. Acta Mater. 54, 3253-3259 (2006).
M. Ohnuma, T. Yanai, K. Hono, M. Nakano, H. Fukunaga,
Y. Yoshizawa, and G. Herzer: Stress-induced magnetic and
structural anisotropy of nanocrystalline Fe-based alloys. J. Appl.
Phys. 108, 1-6 (2010).

J. Mater. Res., Vol. 31, No. 20, Oct 28, 2016

112.

113.

114.

115.

116.

117.

118.

119.

J. Hopkinson: Magnetic and other physical properties of iron at
a high temperature. Philos. Trans. R. Soc., A 180, 443 (1889).
F. Mazaleyrat and L.K. Varga: Thermo-magnetic transitions in
two-phase nanostructured materials. IEEE Trans. Magn. 37,
2232-2235 (2001).

G. Herzer and L.K. Varga: Exchange softening in nanocrystalline
alloys. J. Magn. Magn. Mater. 215-216, 506-512 (2000).

I. Skorvinek and R.C. O’Handley: Fine-particle magnetism in
nanocrystalline FeCuNbSiB at elevated temperatures. J. Magn.
Magn. Mater. 140-144, 467-468 (1995).

V. Franco, C.F. Conde, A. Conde, L.F. Kiss, D. Kaptis,
T. Kemény, and I. Vincze: Dipole—dipole interaction in super-
paramagnetic nanocrystalline Feg; 5Cri0Sij3.5BoCuiNbs. J. Appl.
Phys. 90, 1558-1563 (2001).

V. Franco, C.F. Conde, A. Conde, and P. Ochin: Mo-containing
Finemet alloys: Microstructure and magnetic properties. J. Non-
Cryst. Solids 287, 366-369 (2001).

S. Bedanta, T. Eimiiller, W. Kleemann, J. Rhensius,
F. Stromberg, E. Amaladass, S. Cardoso, and P.P. Freitas:
Overcoming the dipolar disorder in dense CoFe nanoparticle
ensembles: Superferromagnetism. Phys. Rev. Lett. 98, 10-13
(2007).

A. Michels, C. Vecchini, O. Moze, K. Suzuki, J.M. Cadogan,
P.K. Pranzas, and J. Weissmiiller: Dipole-field induced spin
disorder in a nanocomposite soft magnet. Europhys. Lett. 72,
249-255 (2005).

3107




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.03333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.03333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFA1B:2005
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c00650072002000310030000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e006500200028004a006f00750072006e0061006c00730029002e000d0028006300290020003200300031003300200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




