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Fe-based nanocrystalline soft magnetic alloys for high-temperature

applications
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We report on improved high-temperature soft magnetic properties in Fegg_, Co Ni, Zr;B,Cu,
nanocrystalline alloys. Substituting 5.5 at. % Co and Ni for Fe enhances the magnetization by 5%
at ambient temperature and by 30% at 650 °C. The Curie temperature of the residual amorphous
phase is also raised significantly (from 67 °C for x=0 to 298 °C for x=5.5), resulting in low
coercivities (<30 A m™!) for Fe;;CossNissZr;B,Cu, over the temperature range 50-500 °C.
The higher magnetization and Curie temperature as compared with other Fe-based alloys, and
smaller Co content as compared with (Fe,Co)-based alloys, make this alloy attractive as an
affordable high-temperature soft magnetic material. © 2009 American Institute of Physics.

[doi:10.1063/1.3268471]

Nanocrystalline soft magnetic alloys are promising
materials for use in high frequency inductor, power trans-
former, flux %ate magnetometer, and rotors for electric motor
applications. They are typically produced from amorphous
precursors that are partially devitrified, resulting in nanoscale
ferromagnetic grains embedded in a residual ferromagnetic
amorphous matrix. When the grains are smaller than the
exchange correlation length and their orientation is random,
the magnetocrystalline anisotropy is averaged out by ex-
change interactions and the alloys possess a unique combi-
nation of large magnetization, high permeability, and low
core losses.” The exchange-coupling is reduced, however,
as the operation temperature approaches the Curie tempera-
ture of the intergranular amorphous phase, thus limiting ap-
plicability of existing Fe-based alloys (e.g., Finemet-type
Fe3 55113 sNb3BgCu; or Nanoperm-type FeggZr,B,Cu;) to
moderate temperatures (7<2300 °C).

Magnetic alloys have been developed for elevated-
temperature  use. These include HiTperm alloys
(Fey4Co044Zr,B,Cu,) possessing a large Curie temperature of
both constituent phases (i.e., the a-FeCo grains and the
amorphous matrix), resulting in low coercivity and large
magnetization at elevated temperatures.3’4 The Co additions,
however, increase the coercivity and core losses due to in-
creased magnetostriction.5 Further substitutions of Co for Fe
in HiTperm decrease the coercivity while maintaining a high
Curie temperature, but the magnetization is significantly
reduced.®’ Furthermore, Co is relatively expensive making
these nanocrystalline alloys less attractive economically than
Fe-based ones. In this letter, we report on an Fe-rich alloy
with greatly improved high-temperature performance with
small Co additions.

High purity elemental constituents in the appropriate
weight ratios were arc-melted in a gettered argon atmo-
sphere, producing homogeneous button ingots approximately
25 g in mass. Amorphous ribbons, typically 2-3-mm-wide
and 20-um-thick, were produced by inductively melting the
button ingots in a partial helium atmosphere and ejecting the
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melt through a 0.7-0.8 mm orifice onto the perimeter of a
copper wheel rotating at a surface speed of 50 m s~'. The
ribbons were isothermally annealed at 550 °C for 3600 s in
an argon atmosphere to partially devitrify the alloys into
their optimum microstructure for best magnetic performance.

The crystal structure of the as-spun and annealed
ribbons was examined by x-ray diffraction (XRD) using a
Philips APD 3520 diffractometer with Cu Ka radiation
(26=20-120°). The mean size of the Fe-based nanocrystal-
line phase was estimated from the half-peak breadth of the
{110}, {200}, {211}, {220}, and {310} XRD peaks via the
Scherrer equation, and the lattice parameter was determined
using the cos® @/sin method.®

Quasistatic magnetic hysteresis loops were measured at
ambient and elevated temperatures (50—650 °C) using an
ADE model 4HF vibrating sample magnetometer (VSM)
with a maximum applied field of 7.96X10° A m™!
(10 kOe). Thermomagnetic measurements of the as-spun
alloys were performed at a fixed applied field of
3.18X10° A m™! (4 kOe). The ribbon samples for magne-
tometry were approximately 7 mm in length and aligned with
the applied field direction during measurement.

The as-spun ribbons were completely amorphous, as
confirmed by XRD (Fig. 1). After annealing at 550 °C for
3600 s, broad reflections from the Fe-rich body-centered cu-
bic (bce) crystallites are observed. The lattice parameters of
the nanocrystalline grains were determined to be 0.2870 and
0.2874 nm for FeggZr;B,Cu; and Fe,;CossNissZr;B,Cuy,
respectively. The estimated grain size in both alloys is
11-12 nm.

Thermomagnetic curves of magnetization M, as a
function of temperature, are shown in Fig. 2 for the as-spun
alloys. Both curves exhibit similar behavior, with an initial
decrease in M with increasing temperature, corresponding
to the ferromagnetic-paramagnetic phase transformation of
the amorphous as-spun ribbons. The Curie temperature
of the amorphous phase 7™ is much higher for
Fe;;,Cos 5sNis sZr;B,Cu; (289 °C) than it is for FeggZr;B,Cu;
(67 °C). This is a critical parameter for high-temperature
applications, since the magnetic properties deteriorate above
TE™ due to the reduced exchange-coupling between adjacent
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FIG. 1. XRD data for the FeggZr;B,Cu; and Fe,;Cos sNis sZr,B,Cu; alloys
in the as-spun and annealed conditions.

grains through the increasingly paramagnetic amorphous ma-
trix phase. When this happens, the coercivity of the nano-
structured material increases significantly. This increase,
however, is reversible so long as no structural changes ac-
company the temperature rise.

In Fe-based alloys, metalloids (e.g., P,B) or early tran-
sition metals (e.g., Zr,Hf,Nb) are the most commonly used
glass forming elements and T2™ generally increases as the
Fe content decreases due to local correlation effects in the
amorphous alloy. Alloys with metalloid additions have
strong hybridization of the metalloid p-orbitals with the
Fe d-orbitals, which shifts the maximum in the density of
states to lower energies, thereby decreasing the ground
state magnetization and 72™. With early transition metal
additions, the changes in the density of states is linked
to a reduction in coordination number with increasing
transition metal content due to its larger atomic size. The
TE™ values we observe for FeggZr;B,Cu; (67 °C) and
Fe;,Cos 5Nis sZr,B,Cu; (289 °C) are consistent with the
above considerations, having smaller values than Fe-poor
alloys (e.g., FegoBoP1o, T¢™=347 °C"") and larger values
than Fe-rich alloys (e.g., Fegozrlo, TiM=-48 °C'?) alloys.
Previous studies in other ferromagnetlc amorphous alloys
(both metalloid and early transition metal systems) have
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FIG. 2. Magnetization as a function of temperature for the as-spun
FeggZr;B,Cu;  and  Fe;;CossNissZr;B4Cu;  alloys  (H,,=3.18
X10° Am™).
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FIG. 3. Temperature dependence of M, (a) and H, (b) for the FegyZr,B,Cu,
and Fe;;Cos sNis sZr,B,Cu; alloys annealed at 550 °C for 3600 s (H,,
=7.96X10° Am™).

shown that small substitutions of Ni and (especially) Co in-
crease T2™, "2 which is attributed to a minimum in the spin
wave density of states for low energy spin waves.'? This
explains the improved 72™ for Fe;;CossNissZr;B4Cu; as
compared with FeggZr;,B,Cu;. It should also be noted that
T4™ in nanocrystalline alloys is generally greater than that of
the amorphous precursor, due to enrichment in metalloid and
early transition metal atoms in the intergranular amorphous
phase, as well as exchange penetration from the nanocrystal-
lites through the significant nanocrystalline/amorphous inter-
facial area.”"

Beyond T/ ™ the magnetization falls to zero (Fig. 2)
confirming the lack of crystalline phase in the as-spun rib-
bons. At higher temperatures the curves exhibit an abrupt
increase in M, corresponding to primary crystallization of
the ferromagnetic bce grains from the amorphous matrix
(T, ~500 °C for both alloys). Beyond 600 °C, M decreases
again as the temperature approaches that of the Curie tem-
perature of the crystalline phase (above our maximum mea-
surement temperature of 700 °C).

To assess the viability of these alloys for high-
temperature use, hysteresis loops were measured at ambient
temperature (25 °C) and every 50 °C from 50—-650 °C. The
observed saturation magnetization M, and coercivity H,. are
shown in Figs. 3(a) and 3(b), respectively. At all tempera-
tures, substituting Co and Ni for Fe increases the M, with
the relative benefit increasing with increasing temperature.
At ambient temperature, the M of Fe;;,Cos sNis sZr;B,Cu is
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5% greater than that of FeggZr;B,Cu;, which increases to
10% at 300 °C and 30% at 600 °C.

Figure 3(b) shows the effect of temperature on H,. The
soft magnetic properties deteriorate with increasing tempera-
ture due to reduced exchange-coupling of the ferromagnetic
grains through the intergranular amorphous phase, which
becomes paramagnetic near 67 °C for FeggZr,B,Cu; or
289 °C for Fe;;CossNissZr;B,Cu; (Fig. 2). Because of
the higher T2™ value, H,. increases at a much slower
rate for the alloy containing Co and Ni. Thus, while
FeggZr,B,Cu; exhibits significantly smaller losses than
Fe;7Cos sNis sZr;B,Cu, at lower temperatures (T<250 °C),
better soft magnetic properties are obtained for the latter al-
loy at 350—500 °C. The magnetocrystalline anisotropy is ex-
pected to be small for both alloys, and the larger H,. observed
for FeggZr,B,Cu,; at 350-500 °C is likely due to an increase
in magnetostriction, which has been measured at room tem-
perature to be ~1 and ~2.5 ppm for FegZr;B,Cu; and
Fe;,Cos sNis sZr;B,Cu,, respectively.

The H, values for Fe;;CossNissZr,B,Cu; [Fig. 3(b)]
remain well below 20 A m™" to 300 °C and are below
30 A m™' out to 550 °C. Skorvének et al."* and Sun er al.'®
recently performed similar experiments on HiTperm-type al-
loys and observed much larger values of H,. over this tem-
perature range (~25 and 48 A m™!, respectively). While M,
was not reported in these studies, values as large as
180 A m?>kg~' have been reported for HiTperm alloys,17
which is comparable to that observed for our alloys
[Fig. 3(a)].

Figure 3 also shows ambient temperature H, measure-
ments performed after the sample had been cooled from the
elevated test temperature. For both alloys, the ambient-
temperature H, measured after exposure to 7=500 °C is
comparable to that measured initially at 25 °C, indicating
that the increase in H,. with temperature is due to thermal
fluctuations and is not permanent. Above 500 °C there is an
irreversible change in H,, which may indicate a partial crys-
tallization of the residual amorphous phase and/or coarsening
of the nanocrystalline grains. Differential thermal analysis
results (not shown) indicate that the secondary crystallization
temperature exceeds 730 °C for these alloys, suggesting that
the latter explanation is more likely. This irreversible struc-
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tural change limits the operation temperature of the alloys to
~500 °C.

Additions of 5.5 at. % Co and Ni to Nanoperm-type
(FeggZrsB,Cu;) soft magnetic alloys dramatically increase
the Curie temperature of the intergranular amorphous
phase (from 67 °C for FeggZr;B,Cu; to 289 °C for
Fe;,Cos sNis sZr;B,Cu,), resulting in greater exchange-
coupling and a commensurate reduction in coercivity over
the temperature range 300—500 °C. The small additions of
Co and Ni also enhance the magnetization at all temperatures
investigated (25—-650 °C). The maximum operational tem-
perature of the alloys is approximately 500 °C, beyond
which the alloys undergo irreversible structural changes
(most likely grain coarsening). The relatively small Co and
Ni contents makes this high-temperature, high-performance
soft magnetic alloy particularly attractive from an economic
standpoint, as compared with existing Co-rich alloys.
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