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ABSTRACT
Amorphous ferromagnetic microwires fabricated by water-quenching have been assessed to show favorable properties for next-generation
high-frequency electric machines as compared to those of conventional amorphous magnetic alloys in sheet or ribbon form. Here, water-
quenched amorphous Fe75Si10B15 microwires were subjected to a range of aging times of up to 5 years in the air at room temperature.
While both newer and aged microwires are X-ray amorphous, the aged microwires do exhibit a slight degree of crystallinity, a lower initial
susceptibility and a reduced enthalpy change for full devitrification. These small differences (typically < 5%) are attributed to the formation
of minor surface oxidation products such as iron oxides and SiO2 which modify the surface strain state. The resultant stress couples to
magnetostriction to promote the formation of radial magnetic domains that impair the magnetic reversal process. These results demonstrate
that while amorphous ferromagnetic microwires are essentially stable against aging in the air, consideration of their surface state will be
significant for advanced applications.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5080098

I. INTRODUCTION
In 2017, approximately 40% of primary energy usage in the

United States was attributed to electricity, with 67% of this total elec-
trical energy rejected in the form of waste heat.1 To reduce energy
waste and the associated dependence on limited natural resources,
it is crucial to promote the development of new energy-efficient
electrical machines, which in part relies on the advancement of
soft magnetic materials.2 Recently, amorphous magnetic microwires
have been assessed to show favorable properties as compared to
conventional amorphous magnetic alloys in sheet or ribbon form,
due to the enhanced magnetization alignment, unique magnetoe-
lastic interactions and diverse magnetic domain structure derived
from the constrained and micro-scaled geometry of these materi-
als.3 To better understand the long-term performance aspects of
amorphous magnetic microwires as a new class of core materials

in electrical machines, this work seeks to understand the effects of
room-temperature long-term aging on their structural and magnetic
characteristics. To date, numerous studies of Fe-based amorphous
alloys have been carried out, advancing knowledge of the stability
of this class of alloys in simulated marine environments.4,5 These
studies reported the formation of surface oxides that altered the
magnetic response of these alloys. However, little attention has been
directed to assess the structural and magnetic modification of Fe-
based amorphous microwires when exposed to air for an extended
period.

II. EXPERIMENTAL DETAILS
Amorphous magnetic microwires (80-150 µm diameter) of

magnetostrictive composition Fe75Si10B15 were fabricated by the
in-rotating-water quenching technique and subjected to aging times
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of up to 5 years in the air at room temperature. The properties of
newer microwires (designated as “newer microwires”, synthesized
in 2017) and of older microwires (designated as “aged microwires”,
synthesized in 2013) were assessed using X-ray diffraction to probe
the crystal structure, calorimetry to probe phase stability, and mag-
netometry to probe the magnetic response.

Synthesis: Continuous amorphous microwires with diame-
ters in the range 80-150 µm were fabricated from a polycrys-
talline Fe75Si10B15 arc-melted charge (purities Fe (99.98%), Si
(99.999%), B (99.95%)) using the in-rotating-water quenching tech-
nique. The melt was ejected by an argon overpressure of about
0.5 MPa through an orifice into a rotating water reservoir main-
tained at room temperature. These wires exhibited good unifor-
mity of shape and good ductility. All fabricated microwires were
stored in air at room temperature for a range of times of up to
5 years.

Structural Characterization: X-ray diffraction (XRD) was con-
ducted on both newer and aged microwires before and after heat-
ing to devitrification in a calorimeter. Data of the as-quenched
microwires were collected in the range 5○ ≤ 2θ ≤ 65○ using a PAN-
alytical/Philips X’Pert Pro X-ray diffractometer employing Cu-Kα
radiation (λ = 0.1541 nm). Short lengths of microwires (∼5 mm)
were laid side by side on a single-crystal silicon wafer that was also
used as an internal standard. Additionally, XRD data of both samples
after devitrification were collected using a high energy synchrotron
XRD (λ = 0.06199 nm) in the range 10○ ≤ 2θ ≤ 35○ at Beamline
33-BM-C at the Advanced Photon Source, Argonne National Lab-
oratory. Microwire pieces were laid in the same way on an amor-
phous glass slide and mounted with Kapton tape. Lattice parame-
ters and unit cell volumes of the phases were determined from the
XRD data using the Rietveld Refinement feature in the program
GSAS-II.6

Thermal Characterization: Differential Scanning Calorimetry
(DSC) was performed with a Netzsch STA 409 PC calorimeter in
an argon atmosphere. Short lengths of microwires, were combined
to yield a mass of 15-20 mg and were heated and cooled between
300 K and 1050 K to examine any structural and magnetic phase
transformations. Two heating and cooling cycles with a temperature
sweep rate of 10 K/min were conducted for both samples. Resultant
thermal features, including Curie temperatures and devitrification
temperatures, were analyzed using the Netzsch Proteus Thermal
Analysis software.

Magnetic Characterization: The magnetization of the as-
quenched Fe75Si10B15 microwires, was measured as a function of
applied magnetic field (-10 kOe ≤ Happ ≤ 10 kOe) at T = 10 K and
300 K using a SQUID magnetometer (Quantum Design MPMS).
Microwire samples of ∼5 mm in length were mounted with their axes
aligned along the magnetic field direction. The mass of each tested
sample was determined using the mass balance feature in the DSC
apparatus.

The approach to magnetic saturation of the as-quenched
Fe75Si10B15 microwires was investigated to obtain information
regarding anisotropies and potential structural inhomogeneities.
Magnetization data in the high-field range (1 kOe < Happ < 10 kOe)
were fit to the Law of Approach to Saturation (LAS)7 using Eq. [1].

M =Ms(1 −
a
H
−

b
H2 ) + χ ⋅H (1)

According to Ref. 7, the first term Ms(1 − a
H −

b
H2 ) in Eq. [1]

describes the deviations from the saturation magnetization due to
the effect of microstructure: the constant a describes the influence
of structural defects and the constant b is correlated to the magnetic
anisotropy. The second term χ⋅H in Eq. [1] is an approximate of the
so-called para-effect.8

III. EXPERIMENTAL RESULTS
Data concerning the crystal structure, phase stability, and mag-

netic response of the studied microwire samples were collected and
compared.

A. Structural attributes
Figure 1 shows the XRD patterns of the Fe75Si10B15 microwires

in their as-quenched and post-DSC-heated states. Data of the as-
quenched (Figure 1a) samples include a stronger background sig-
nal at lower angles. The most significant feature in the XRD pat-
terns of the as-quenched samples is the broad Bragg peak located
at 2θ ∼ 45○; the magnitude of this Bragg peak for the aged
microwires is significantly higher than that observed for the newer
microwires.

After heating in the DSC, sharp Bragg peaks with high inten-
sities appear on the XRD patterns of both samples (Figure 1b).
Results from Rietveld refinement confirm that the Fe75Si10B15 amor-
phous single phase transformed to Fe3Si (Fm-3m cubic structure)
and Fe2B (I4/mcm tetragonal structure) after heating to a high tem-
perature in the DSC. The lattice parameters and the calculated unit
cell volumes for both phases in the devitrified Fe75Si10B15 microwires
as well as the literature values for these phases9 are provided in
Table I. The lattice parameters of the Fe3Si phase of both devitri-
fied microwires are larger by approximately 1.5% than the reference
value; it is also noted that the Fe3Si lattice parameter in the aged
microwires shows a yet larger value which returns a unit cell volume
expansion by ∼1.75% over the reference value. In contrast, the lattice
parameters of the Fe2B phase differ from the reference values by less
than 0.1%.

B. Phase stability
Figure 2 shows calorimetric data obtained upon heating the

microwires from 300 K to 1050 K (the first DSC cycle). Two exother-
mic peaks are observed at T ∼ 830 K and T ∼ 850 K respectively
in the DSC curve for each sample. These peaks are not seen on the
subsequent cooling and heating cycles and are thus confirmed to be
irreversible, as expected for a devitrification process.

The determined peak, onset, and end devitrification tem-
peratures and the associated enthalpy changes are provided in
Table II. The aged microwires exhibit slightly different devitri-
fication temperatures and a lower enthalpy change (by 5%) for
full devitrification, as compared to values measured for the newer
microwires.

Another irreversible thermal feature, noted at a temperature
below the onset of devitrification, is identified as the Curie tem-
perature (TC) of the Fe75Si10B15 amorphous phase. Two small
reversible signals at temperatures above the full devitrification tem-
perature are associated with the Curie temperatures of the crystalline
Fe3Si and Fe2B phases. The observed Curie temperatures of the
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FIG. 1. XRD patterns of both newer and
aged Fe75Si10B15 microwires in (a) as
quenched and (b) post heating state.

TABLE I. Summary of crystallographic properties (lattice parameters and unit cell volumes) of crystalline phases (Fe2B and
Fe3Si) in the devitrified Fe75Si10B15 microwires.

Fe2B Fe3Si

a (Å) c (Å) V (Å3) a (Å) V (Å3)

Newer microwire 5.115(2) 4.249(1) 111.15(1) 5.689(1) 184.15(1)
Aged microwire 5.110(3) 4.245(1) 110.83(1) 5.694(3) 184.57(1)
Reference values 5.109 4.249 110.91 5.661 181.42

amorphous, Fe3Si and Fe2B phases as well as their reference val-
ues10–12 are summarized in Table III. It is noted that the TC of Fe2B
agree very well with the literature value (TC

ref
∼1015 K) for both

FIG. 2. DSC traces of the first heating cycle for each Fe75Si10B15 microwire.

samples, while those characterizing the Fe3Si phase are significantly
higher (by approximately 50 K) than the reference value (TC

ref

∼850 K). Additionally, the TC of Fe3Si in the aged microwires is even
higher (by 5 K) than that observed in the newer microwires. While
the TC of the amorphous phase in the as-quenched microwires
are both close to the reference value, the aged microwires exhibit
a lower TC value by 5 degrees as compared to that of the newer
microwires.

C. Magnetic attributes
Figure 3 shows plots of magnetization M vs. applied magnetic

field (-600 Oe < Happ < 600 Oe) for the microwires in their as-
quenched state at T = 10 K and T = 300 K, respectively. The LAS
parameter values fitted through the application of Eq. [1] are sum-
marized in Table IV. Based on these data, there are substantial differ-
ences in the magnetic hysteresis plots between the two microwires.
The newer microwires have higher initial susceptibility, requiring a
lower magnetic field to achieve saturation than the aged microwires;
this difference becomes more significant at low temperature (10 K),
Figure 3a. Additionally, the newer microwires have higher MS val-
ues (by ∼3.5%) in their as-quenched state (184.9 emu/g (10 K),
168.5 emu/g (300 K)), relative to those of the aged microwires. While
the coercivities of both samples are small (<1 Oe), it is acknowl-
edged that the accuracy of the coercivity determination using
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TABLE II. Summary of the peak, onset and end temperatures and the enthalpy changes of full devitrification for both
Fe75Si10B15 microwires, with errors in brackets.

Peak T (K) Onset/End T (K) Total ∆H (J/g)

Newer microwire 1st stage 833.4 (0.5) 817/850(4) 147(1)
2nd stage 846 (0.5) 826/864(4)

Aged microwire 1st stage 829.6 (0.5) 807/852(4) 140(1)
2nd stage 853.9 (0.5) 826/881(4)

TABLE III. Summary of Curie temperatures of the Fe75Si10B15 as-quenched
microwires (TC1), devitrified Fe3Si (TC2) and Fe2B phase (TC3).

TC1 (as-quenched) TC2 (Fe3Si) TC3 (Fe2B)

Newer microwire 719 (±1) K 898 (±2.5) K 1015 (±1) K
Aged microwire 715.8 (±1) K 903 (±2.5) K 1014.5 (±1) K
Reference 718 K 850 K 1015 K

SQUID magnetometry is low, due to sample geometric issues as
well as the low precision and resolution of magnetic field control at
Happ < 1 Oe.13

IV. DISCUSSION AND CONCLUSIONS
All data indicate that the amorphous phase is retained upon

water quenching of Fe75Si10B15 microwires. This amorphous phase
becomes unstable at elevated temperature, just above 800 K, and
devitrifies in two stages to form more stable Fe2B and Fe3Si crys-
talline compounds. However, the structural, devitrification and
magnetic properties of the aged microwires are noticeably differ-
ent from those of the newer microwires, characteristics attributed
to structural rearrangement and compositional modification in the
aged microwires.

The difference of the Bragg peak magnitude of the XRD pat-
terns between the two as-quenched microwires is attributed to a
combination of two factors: 1) different X-ray diffraction volumes
of the two samples, and 2) higher degree of crystallinity in the aged

FIG. 3. M vs. H curves at (a) 10 K and
(b) 300 K of as-quenched Fe75Si10B15
microwires with magnetic field up to
600 Oe.

TABLE IV. The “approach to saturation” parameters of Fe75Si10B15 amorphous microwires at 10 K and 300 K, with errors in
brackets.

a factor b factor
MS (emu/g) (Oe, from Eq. [1]) (Oe2, from Eq. [1]) χ (10-4 cm3/g)

10 K Aged Microwire 178.5 (±4) 14.2 (±0.4) 9200 (±350) 1.4 (±0.04)
Newer Microwire 184.9 (±5) 7.1 (±0.2) 1300 (±200) 1.3 (±0.03)

300 K Aged Microwire 163.2 (±4) 19.6 (±0.2) 1000 (±100) 4.2 (±0.04)
Newer Microwire 168.5 (±5.5) 8.4 (±0.4) 400 (±600) 5.3 (±0.03)
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microwires relative to the newer ones. The lower enthalpy change
upon devitrification (by ∼5%) measured from the aged microwires,
relative to the newer microwires, indicates that there is a difference
in the nature of the amorphous structure between the two samples.
Therefore, it is hypothesized that the prolonged air aging induces
local structural rearrangement, thereby slightly increasing the degree
of crystallinity of Fe75Si10B15 microwires.

Based on the observations that the values of lattice parameters
and Curie temperatures of the crystalline Fe3Si phase in both devit-
rified microwires, especially in the aged ones, are higher than the
reported literature values; it is concluded that the devitrified forms of
the Fe75Si10B15 microwires feature an Fe-rich Fe3Si phase. The Fe3Si
phase in the aged microwire contains an even higher Fe enrichment.
An Fe content of 83 at% can be estimated in the devitrified Fe3Si
phase for the aged microwires and 82 at% for the newer microwires,
by comparing the calculated lattice parameters of Fe3Si phases for
each Fe75Si10B15 sample with the reported literature values.14

The lower MS (by ∼3.5%) and TC (by ∼5 K) values of the
aged microwires relative to those of the newer ones, indicate differ-
ent chemical composition between the two samples. According to
Ref. 10, the magnetic moment and the Curie temperature of Fe-Si-
B-based amorphous alloys both decrease with decreasing Fe content.
This observation allows a hypothesis that the changes in the mag-
netic properties of the microwires upon aging are attributed to the
formation of minor surface oxidation products such as Fe2O3 and
Fe3O4, which slightly reduce the Fe content in the overall chemical
composition.

As seen in Table IV, the increased value of constant a of Eq. [1]
found for the aged microwires reflects the hypothesized presence of
structural defects, and the increased value of constant b indicates an
enhanced magnetic anisotropy. These changes of the “Approach to
Saturation” parameters are echoed by the observation that the initial
susceptibility of the aged microwires is lower than (by ∼2-4 times,
depending on the measuring temperature) that of the newer ones.
According to Ref. 15, the magnetic properties of amorphous mag-
netic alloys are sensitive to the magnetoelastic interactions between
internal stresses and the spontaneous magnetization. The change
of strain states can significantly modify the magnetic hysteresis of
magnetostrictive alloys.15 Therefore, it is hypothesized that minor
surface oxidation resulting from long-term aging in air modifies the
quenched-in stress state of the microwires. The different approaches
to magnetic saturation and initial susceptibility observed in the two
samples likely result from coupling between the modified surface
stress state and the magnetostriction, which promotes the formation
of transverse magnetic domains that impair the reversal process.

In conclusion, measured differences in the structural and mag-
netic properties of water-quenched Fe75Si10B15 microwires reflect

changes in these materials as a consequence of long-term air aging.
It is concluded that formation of minor surface oxides modifies
the chemical composition and thereby changes the saturation mag-
netization, Curie temperature and devitrification process of the
alloy. Additionally, the surface oxidation is hypothesized to mod-
ify the strain state of the microwires and promote the formation of
transverse magnetic domains; this modified domain configuration
alters the initial susceptibility and approach to magnetic saturation.
While these changes are small, demonstrating that the amorphous
microwires are essentially stable, the noted reduction of the initial
susceptibility upon aging restricts their potential use in applications
that require very tight tolerance of performance. Therefore, consid-
eration of the surface state of the microwires is essential for advanced
inductive applications.
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