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Isothermal annealing can enhance the soft magnetic properties of Fe-based metallic glasses, but usually causes
brittleness. In this work, we studied the relaxation kinetics of Fe-based metallic glasses below glass transition
temperature and the evolution of soft magnetic properties and plasticity. We found that the metallic glass first
experiences secondary (f) relaxation and then transforms into primary (a) relaxation upon isothermal annealing.
The magnetic properties are enhanced predominantly during f3 relaxation stage but don't change very much
during a relaxation stage. The plasticity doesn't change very much during f3 relaxation stage but gets deteriorated

during a relaxation stage. The structural origin of the changes is also studied. These results prove that it is
probable to achieve metallic glasses with both excellent soft magnetic properties and excellent mechanical
properties by controlling the relaxation process, which may provide a universal protocol for enhancing the
functional performance of soft magnetic metallic glasses.

1. Introduction

Soft magnetic Fe-based metallic glasses exhibit excellent energy-
saving characters owing to the combination of low coercivity, high
permeability and high electrical resistivity [1-4]. However, the mag-
netic properties of as-cooled metallic glasses are not soft enough, be-
cause severe internal stress is frozen during the shear spinning pro-
duction process. The magnetic anisotropy that arises from the
magnetoelastic coupling effect hinders the movement of magnetic do-
mains. To improve the soft magnetic properties, it is usually annealed
below the glass transition temperature to release the internal stress.
However, annealing usually causes embrittlement, which makes the
electronics fragile and may cause electric short circuit [5-7].

A lot of efforts have been devoted to avoiding the annealing-em-
brittlement, e.g. exploring new materials and searching for the intrinsic
parameters to control it [8,9]. Kumar, et al. proposed using the fictive
temperature to characterize the ductile-to-brittle transition [9]. The
critical fictive temperature depends on sample size that suggests it may
not be an ideal parameter for evaluation. Isothermal annealing has been
regarded as a single relaxation process which can be fitted using an
extended exponential equation [10-13]. However, recent experimental
results reveal that metallic glasses experience multiple relaxation

modes during isothermal annealing with/without external stress
[14-18]. Under stress, the Zr-, CuZr-, La-based metallic glasses exhibit
two-step relaxations, one is stress-driven fast relaxation and the other is
thermal activated slow process [15,16]. Without stress, experiments
confirm that Au-based metallic glasses first experience [} relaxation and
then transform to a relaxation during isothermal annealing or multiple-
step relaxations during isothermal annealing [14,18]. It is intriguing to
testify whether Fe-based metallic glasses also experience various re-
laxation modes during isothermal annealing, and the roles of various
relaxations in modifying the properties.

In this letter, we studied the evolution of relaxation kinetics of a soft
magnetic Fe-based metallic glass using differential scanning calori-
metry (DSC). The influence of various relaxation modes, e.g. f relaxa-
tion and a relaxation, on magnetic and mechanical properties is stu-
died. The microstructural origin for these evolutions is also revealed.

2. Experimental

The master alloy of Fe;,Sis 71B14.88P4.06C1.35 (at.%) were prepared
by induction melting the mixtures of Fe (99.99 wt%), Si (99.999 wt%),
B (99.99 wt%), Fe—P alloy (99.9 wt%) and Fe—C alloy (99.9 wt%) in an
argon atmosphere. The master alloy was re-melted and subsequently
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injected onto a spinning copper roller (tangent velocity of about 40 m/
s) to obtain metallic glass ribbons. The amorphous structure is verified
by X-ray diffraction with Cu-K, radiation. The thermal properties were
studied using a differential scanning calorimeter (DSC, Netzsch 404C)
in standard platinum crucibles under a constant flow of high-purity
argon gas (100 ml/min). Ribbons for magnetic property measurements
were annealed for different time in a furnace under a high vacuum of
about 10 ~° Pa. Coercivity (Hc) was measured with a dc B—H loop tracer
under a field of 800 A/m. Effective permeability (u. at 1kHz) was
measured with an impedance analyzer with a field of 1 A/m. To elim-
inate the influence of demagnetizing factors on soft-magnetic proper-
ties, the length of the ribbons for DC B—H loop tracer and impedance
analyze measurement is 50 mm which is much larger than the width
and thickness. The viscoelastic heterogeneity of the metallic glass
ribbon was investigated using amplitude-modulation atomic force mi-
croscope (AM-AFM), produced by Bruker Company. The probe tip is
silicon with a force constant of about 40 N/m and the curvature radius
of about 2nm. The bending plasticity was measured by a home-made
bending tester, which has the displacement rate of 1 mm/min. The
fracture radius (rf) can be recorded when the sample that locates be-
tween upper and lower magnetics substrates was broken.

3. Results and discussion

Fig. 1(a) shows the XRD pattern of the as-quenched
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Fig. 1. (a) The XRD pattern of the as-spun Fe;;Si 71B14.88P4.06C1.35 ribbon. (b)
The DSC trace of Fe;;Sis 71B14.88P4.06C1.35 metallic glass at heating rate of 40 K/
min. The inset is the magnified part close to Curie temperature T, and crys-
tallization temperature Ty. (b) Change of heat flows after being annealed at
733K for various times.
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Fig. 2. (a) The heat flows at different heating rates for the sample preannealed
at 733K for 30 min. (b) The Kissinger plot of the relaxation peak for samples
preannealed at 733 K for various time. (c) The evolution of relaxation barrier
along with annealing time t,. The yellow background zone represents (3 re-
laxation stage and the cyan background represents a relaxation stage.

Fe;,Siz 71B14.88P4.06C1.35 alloy ribbon. The pattern shows broad dif-
fraction maxima and no sharp Bragg peaks from crystalline phases,
indicating the fully amorphous microstructure of the samples. Fig. 1(b)
shows the DSC trace of the as-spun ribbon. A large exothermic crys-
tallization peak is observed, which confirms the amorphous nature. The
onset temperature (T,) of crystallization is about 793 K, the magnetic
transition temperature (T¢) is determined to be about 696.5K. An in-
termediate temperature (T, = 733 K) between Ty and T¢ is selected to
study the isothermal relaxation kinetics. When being annealed at 733 K,
the heat flow overshoot increases along with the annealing time
(ta = 1-70 min). To better illustrate the evolvement of relaxation peak,
the change of heat flows after annealing are shown in Fig. 1(c), which
are obtained by subtracting the DSC trace of initial sample from the
annealed samples. The relaxation peak in heat flow changes from an
exothermic-like behavior to endothermic-like characters, which con-
firms the decrease of enthalpy upon annealing. The relaxation peak (T},)
shifts to higher temperature along with the increase of annealing time.

To study the kinetics of the relaxation progress, the relaxation peak
is measured at various heating rates, as shown in Fig. 2(a). The acti-
vation energy of relaxation (AE) is determined by Kissinger's equation
[19,20].

lni _ AE +C
T2)  RTp

where ¢ is the heating rate, R the gas constant. As shown in Fig. 2(b),
the slope of the linear fitting result is determined to be —AE/R. Fig. 2(c)
shows the evolution of activation energy along with annealing time. It
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Fig. 3. (a) The DSC traces close to the magnetic phase transition range for
samples preannealed at 733K for various time, with a curve showing the
change of T,. (b) The evolution of T, along with t,. (¢) The evolution of H,. (left
axis) and . (right axis) along with annealing time t,.

is about 150 kJ/mol when the annealing time is less than 10 min, which
is about 24RT, almost equal to the activation energy of f3 relaxation
[21]. When the annealing time increases, the activation energy in-
creases to about 430 kJ/mol, which is close to the activation energy of a
relaxation (with a fragility of about 30 [22]). Such a transition from 8
relaxation to « relaxation is similar to that observed in Au-based me-
tallic glasses [14]. It is intriguing to study how the different relaxation
process influences the properties of Fe-based metallic glasses.

The Curie temperature (T¢) represents the temperature where fer-
romagnetic state transforms to paramagnetic states. Such a phase
transition can be measured by DSC, as shown in Fig. 3(a). It shifts to
higher temperatures along with the increase of annealing time, which
denotes the magnetic coupling interaction becomes stronger. As shown
in Fig. 3(b), T¢ increases fast for short-time annealing that corresponds
to the f3 relaxation stage, while it does not change very much during a
relaxation stage. The evolution of coercivity (Hc) and effective per-
meability (y) are also studied, as shown in Fig. 3(c). Hc decreases and
U, increases sharply during the f3 relaxation stage, while they do not
change very much during a relaxation stage.

Embrittlement caused by annealing has been a huge challenge for
the application of Fe-based metallic glasses. For practical application,
the Fe-based metallic glasses are bended into a circle or square, so their
bending plasticity is very important. The bending plasticity is studied
using a home-made bending test machine, as schematically illustrated
in Fig. 4(a), to reveal the effect of different relaxation modes on the
plastic deformability. The metallic glass ribbon is held between two
clamps. The loading rate of the clamp is 1 mm/min. Once the ribbon
breaks, the sensor will record the distance between two clamps which is
two times of the fracture radius (r¢). A smaller fracture radius represents
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Fig. 4. (a) Schematic illustration of the apparatus for bending plasticity test.
The displacement rate is 1 mm/min. The fracture radius (rf) is detected auto-
matically. (b) The evolution of fracture radius along with annealing time t,.

better plasticity. As shown in Fig. 4(b), the as-pun ribbon can be folded
by 180°. During the f relaxation stage, the fracture radius remains
smaller than 1 mm that is ductile enough for applications. After
reaching the a relaxation stage, the ribbon becomes brittle with a
fracture radius of about 2 mm.

To study the correlation between the structure and properties, the
microstructure is investigated using AM-AFM. Fig. 5 shows the AFM
images of samples annealed at T, = 733K for different annealing time
(t = 1-70 min). All the samples exhibit typical nanoscale hetero-
geneity that is observed in other metallic glasses [23-26]. Along with
the increase of annealing time, the viscoelastic dissipation energy (Egis)
decreases that suggest the annihilation of free volumes. This is con-
sistent with previous results that observed in Zr-based metallic glasses
[26]. In the B relaxation stage, it is interesting that the Eg;; decreases
sharply but remains a large level. In a relaxation stage, the E4;s becomes
as small as 40 eV. According to viscoelastic deformation model [27,28],
the large E4;s denotes a high concentration of free volume that benefits
the plastic deformation. The recent work reports that there is a corre-
lation between the viscoelastic heterogeneity and the motion of domain
walls [29]. Thus, the decrease of E4;s during 8 relaxation allows domain
walls move easily under an external magnetic field and enhances the
macro magnetic properties.

This work presents evidence that f3 relaxation plays an important
role in modulating the functional properties of metallic glasses. Such an
intrinsic correlation between f relaxation and magnetic properties may
advise answers for some important scientific and technical questions.
For instance, it has been long-lasting questions why annealing at too
low temperature or too high temperature will not change T¢ very much
and why the T of some metallic glasses are not sensitive to annealing
[30]. On the other hand, the small E4;s when reaching the a relaxation
stage suggests that the embrittlement may origin from the annihilation
of dynamically viscous zones, e.g. flow units or shear transformation
zones. These results provide a general strategy to achieve metallic
glasses with both enhanced soft magnetic properties and good me-
chanical properties by controlling the relaxation process.

4. Conclusions

In summary, we found that the Fe-based metallic glass experiences
two steps during isothermal annealing, i.e. first 8 relaxation and then a
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Fig. 5. The nanoscale viscoelastic heterogeneity for samples annealed at 733 K
for different times (a) as-spun, (b) t, = 3min, (c) t, = 5min, (d) t, = 10 min.
The color bar represents Eg;s, in unit of eV. (e) The statistical distribution of
dissipation energy Egy;s for as-spun and annealed samples. (f) The evolution of
Egis (peak value) along with annealing time t,.

relaxation. During f3 relaxation, the magnetic properties are enhanced
superbly without noticeable change of mechanical properties. During a
relaxation, the magnetic properties don't change very much but the
mechanical properties get deteriorated. The change of properties is
found to be correlated with the evolution of viscoelastic micro-
structures. These results are helpful for designing optimum protocols
for fabricating metallic glasses with both superior magnetic and me-
chanical properties by controlling the relaxation process.
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