
Special Issue on ‘Amorphous alloys and multiscale materials: Fundamental aspects and
Energy applications’, edited by Zhao Zhankui, Wang Hongli and Tai Cheuk-Wai

Eur. Phys. J. Appl. Phys. 98, 20 (2023)
© EDP Sciences, 2023
https://doi.org/10.1051/epjap/2023220270

THE EUROPEAN
PHYSICAL JOURNAL
APPLIED PHYSICS
Regular Article
Effect of stress relaxation on soft magnetic properties
of Fe76Si9B10P5 metallic glass
Yurong Gao1,2,a, Yu Tong1,a, Lijian Song1,*, Jiacheng Liu3, Bowen Zang1, Mingliang Xiang1, Meng Gao1,
Yan Zhang1, Juntao Huo1, and Jun-Qiang Wang1

1 CAS Key Laboratory of Magnetic Materials and Devices, Zhejiang Province Key Laboratory of Magnetic Materials and
Application Technology, Ningbo Institute of Materials Technology and Engineering, Chinese Academy of Sciences, Ningbo
315201, P.R. China

2 School of Materials Science and Chemical Engineering, Ningbo University, Ningbo 315211, P.R. China
3 Ningbo Institute of Materials Technology and Engineering, Chinese Academy of Sciences, Ningbo 315201, P.R. China
* e-mail: s
a These au
Received: 29 October 2022 / Received in final form: 10 December 2022 / Accepted: 10 January 2023

Abstract. Stress relief can improve the soft magnetic properties of Fe-based metallic glasses (MGs) and is vital
for industrial applications. In this work, we investigated the evolution of soft magnetic properties, relaxation
dynamics, and mechanical properties of Fe-based MGs under different applied tensile strains and stress
relaxation times. We found that stress relaxation can significantly reduce coercivity Hc by 95% compared with
as-quenched state. Furthermore, the coercivity Hc, apparent activation volume Vact and time constant tr all
show analogous two-stage variation with annealing time, accompanied by approximate crossovers. This suggests
that the microstructure change emerges, further verified by the domain wall motion and the transition from
elastic to plastic. These results are helpful in preparing Fe-based MGs with excellent soft magnetic and
mechanical properties by controlling the stress relaxation condition.
1 Introduction

Fe-based metallic glasses (MGs) with special disordered
atomic structure and composition are widely used in core
materials for distribution systems because they have a high
saturated magnetic flux density, low coercivity, high
permeability, good mechanical properties, and low pro-
duction cost [1–5]. They are excellent new materials for
energy saving and environmental protection. However, the
metallic glasses stay out equilibrium state due to the
internal stress trapped in the MGs during rapid quenching
process [6–8]. From the perspective of structural defects,
the residual stress reflects the point (free volume) or liner
defects (quasi-dislocation dipoles), all of themwill influence
the magnetic properties [9,10].

To improve the magnetic properties of Fe-based MGs,
extensive investigations have been performed to release the
quenched-in stress upon the annealing process [5,11–14].
Generally, the stress relaxation can decrease the coercivity
Hc, enhances the magnetization strength and favor the
domain wall motion [15,16]. However, deep relaxation
deteriorates the mechanical properties of Fe-based MGs,
limiting the practical application [5,7]. Recently, two-step
relaxations, from fast process to slow process, were built in
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the stress relaxation of MGs below glass transition
temperature [17–19]. The stress-driven fast relaxation
maintains the mechanical properties in nature, while the
thermal-driven slow relaxation triggers the plastic flow
events [5,19–22]. However, the one-to-one relationship
between stress relaxations and soft magnetic properties is
still not clear.

In this work, we investigated the evolution of soft
magnetic properties, relaxation dynamics, and mechanical
properties of Fe-based MGs under different applied tensile
strain and stress relaxation times. These results reveal that
it is probable to prepare Fe-based MGs with excellent soft
magnetic properties and plasticity by controlling the stress
relaxation conditions.

2 Experimental

The Fe76Si9B10P5 (at.%) master alloy ingot was produced
by induction melting the mixture of pure metals of Fe
(99.99wt.%), pure metalloid of crystal Si (99.99wt.%) and
B (99.99wt.%), and pre-melted Fe3-P (atomic ratio with
purity of 99wt.%) in an arc furnace under an argon
atmosphere. The metallic glass ribbons were fabricated by
the single-roller quenching method. The glass structure of
as-quenched ribbons was identified by X-ray diffraction
(XRD, Bruker D8 Advance) using Cu Ka radiation.
The glass transition temperature Tg was examined by
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Fig. 1. (a) The DSC curve of the as-quenched Fe76Si9B10P5 MG ribbon at a heating rate of 10K/min, and the glass transition
temperature Tg is determined to be about 780K. The inset is the XRD pattern of the as-quenched Fe76Si9B10P5 MG ribbon. (b) Stress
and strain response versus time during stress relaxation experiments. The inset is the schematic image of tensile experiments in DMA,
and a pair of equal and opposite forces are applied on both sides of the sample.
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differential scanning calorimeter (DSC, Netzsch 404C) at
a heating rate of 10K/min under a constant flow
(20ml/min) of high-purity argon gas. The coercivity
(Hc) of samples was measured by a DC B-H loop
tracer (BHS-40S) under a magnetic field of 800 A/m. The
M-H curves were performed by a superconducting quantum
interference device magnetometer (SQUID) using Quantum
DesignMPMS. Themagnetic domain structure was revealed
by digitally enhanced 950MT magneto-optic Kerr micro-
scope. The stress relaxation and strain recovery experiments
wereperformedonadynamicmechanicalanalyzer(DMA,TA
instrument Q800) with ribbon samples.
3 Results and discussion

Figure 1a shows the DSC curve of the as-quenched
Fe76Si9B10P5 MG ribbon at a heating rate of 10K/min.
There is a sharp exothermic peak presented in Figure 1a,
which represents the crystallization of the alloy. Glass
transition process could be observed prior to the
crystallization process with a Tg determined at 780K.
The inset of Figure 1a presents the XRD pattern of the
as-quenched Fe76Si9B10P5 MG ribbon, which shows only
one broad peak and without any detectable sharp peaks.
The XRD pattern indicates the fully amorphous nature of
the as-quenched sample. The stress relaxation tests were
carried out at 673K in a nitrogen atmosphere using ribbon
samples on DMA. Figure 1b shows the stress and strain
response versus time during stress relaxation experiments.
For the stress relaxation experiments, the samples were
equilibrated for 5min at the target experiment tempera-
ture. Then, the uniaxial tensile experiments were per-
formed at different constant strains e (= 0, 0.1%, 0.2%,
0.3% and 0.4%) for different times ta (=30, 132, 600, 1800,
3480, 7200 s). The inset of Figure 1b presents the schematic
diagram of the DMA tensile mode. Equal and opposite
forces are applied to both sides of the sample to ensure
uniform deformation in the test.
We measured the soft magnetic properties of all
samples under different stress relaxation conditions.
Figure 2a shows the evolution of coercivityHc as a function
of stress relaxation time with different applied strains e at
673K. For a given tensile strain e, theHc decreases with the
extension of stress relaxation time ta and reaches the
minimum at ta =1800 s. Further increasing the stress
relaxation time slightly increases theHc. The decrease ofHc
is mainly attributed to stress relief by structural relaxation,
which is similar to the situation where the magnetic
properties change dramatically after 5–10min of conven-
tional annealing [13,23–26].The pre-longed annealing time
required to achieve the minimum Hc might be due to the
stress applied to the sample. Figure 2b shows the Hc of
Fe76Si9B10P5 MG before and after stress relaxation under
different strains for ta= 1800 s. The Hc of as-quenched MG
was reduced by 95% after stress-relaxation under 0.4%
strain, from 13.56 A/m to 0.68 A/m. This indicates that the
internal stress of the stress-relaxed samples was released
sufficiently. Previous works have shown that slope of the
domain wall motion region and the domain rotation region
of the M-H curve represent the stress relief in Fe-based
MGs [25,26]. Figure 2c shows the first quadrant of the
hysteresis loops of an as-quenched sample (blue line) and a
stress-relaxed sample (Ta= 673K, ta= 1800 s, e=0.3%)
(red line) acquired by SQUID. Compared to the
as-quenched sample, the slope in the hysteresis loop of
the stress-relaxed sample becomes gentler due to the stress
relaxation process. The shape of hysteresis loop could also
affect the coercivity. In order to study the changes in soft
magnetic properties systematically, the magnetic domains
of the representative samples were observed by using
Magneto-optical Kerr Microscope (Fig. 2d). In the case of
as-quenched samples, strong and non-uniform quenched-in
stresses resist the ordered arrangement of magnetic
domains, resulting in the maze-like domains. After stress
relaxation for a short time below Tg, these internal stresses
could be released because of the annihilation of low-energy
barrier flow units, yielding in the variation of the domains



(a)

(c) (d)

50 μm

as-quenched

50 μm

ε = 0.3%

tensile stress

-10 -5 0 5 10
-180

-90

0

90

180

)g/u
me(

noitazitenga
M

Magnetic Field, H (kA/m) 

as-quenched
ε =0.3%

ta=1800 s

0.0 0.5 1.0 1.5
0

60

120

180

0

3

6

9

12

15

0.40.30.20.1

H
c

)
m/

A(

Strain ε (%)

dehcneuq-s
A

0

ta=1800 s

102 103 104
0

3

6

9 ε = 0         ε = 0.1%
ε = 0.2%   ε = 0.3%
ε = 0.4%

H
c

)
m/

A(

Stress relaxation time(s)

(b)

Fig. 2. (a) Relaxation time dependence of coercivity Hc after pre-relaxation under various strains e at 673K. (b) Comparison of
coercivityHc before and after stress relaxation for ta= 1800 s. (c) Hysteresis loop of the as-quenched MG sample and the stress-relaxed
sample at 673K for 1800 s acquired by SQUID. (d) The domain structure of the as-quenchedMG sample and the sample stress-relaxed
at 673K for 1800 s.
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to regular patterns [25,27]. On the other hands, the Hc
decreases with increasing of strain under the same stress
relaxation time, reflecting an increasing stress relief rate
with larger strain. However, when the stress relaxation
time exceeded 1800 s, the value of coercivity showed an
increasing trend with time.

For further understanding the underlying dynamics
during stress relaxation, Figure 3a shows the stress dropDs
versus stress relaxation time with different strains for
7200 s at 673K. The stress decreases rapidly from initial
stress and then lessens slowly as time goes by, which implies
that the strain rate increases with the increase of the
applied strain e. The relationship between stress and time
during the stress relaxation process of MGs can be
described by [28,29]:

DsðtÞ ¼ �kBT

V act
ln 1þ t

tr

� �
ð1Þ

where the stress drop Ds (t)= s(t) � s(0) and s(0) is the
initial stress applied, kB is the Boltzmann constant,T is the
experimental temperature, Vact is the apparent activation
volume, t is the time variable, tr is the time constant.
According to equation (1), the values of the apparent
activation volume Vact and the time constant tr are given in
Figures 3b and 3c, respectively. Our investigation presents
that the change in the apparent activation volumeVact and
the time constant tr with relaxation time both consist of two
stages, which is similar to the variation of coercivity Hc. In
Figure 3b, the values ofVact have themaximumvalue at the
start and then decrease with stress relaxation time until
1800 s. It means the stress relaxation mechanism becomes
less collected at a longer time or under a bigger strain [30].As
timeelapses, it showsanupwardtendencyafter1800 s,which
is probably associatedwith the transition from a fast process
to a slow process during stress relaxation for a sufficiently
long time [17–19,31]. In addition, tr increases with stress
relaxation time before 1800 s, indicating that atomic
mobility reduces and the difficulty of local atomic rearrange-
ment increases [28]. After 1800 s, tr decreases with stress
relaxation time. That means the activation volume for
plastic deformation increaseswith stress relaxation time and
it can be activated faster at larger tensile strain than that at
smaller tensile strain [28].
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Fig. 3. (a) Comparison of the stress dropDs with different applied strains e for 7200 s at 673KB. The fitting parametersVact (b) and tr
(c) of Fe76Si9B10P5 MG as a function of stress relaxation time.
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The mechanical behavior of MGs is related to their
internal structural heterogeneity, which is composed of
multiple liquid-like zones (flow units) and stiffer sur-
roundings (elasticmatrix). To understand themechanism
of the two-stage stress relaxation process, we analyzed the
strain recovery behavior after different stress relaxation
times. Figure 4 shows the representative strain recovery
curves after stress relaxation for 600 s and 3480 s,
respectively. The deformation behavior during strain
recovery experiments can be divided into three parts. The
elastic strain ee and plastic strain ep are the recoverable
instantaneous and non-recoverable parts of the residual
strain, respectively [20,22,32]. The anelastic strain ea
denotes the slow recovery component of residual strain,
and the corresponding relaxation curves can be well fitted
by the KWW function [20,32]:

et � ep
� �
e0 � ep
� � ¼ exp � t

tc

� �bKWW

ð2Þ
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Fig. 4. The strain recovery process after the stress relaxation process lasts for 600 s (a) and 3480 s (b), the recovered strain ea fitted by
the KWW equation respectively.
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where ep is the plastic strain, e0 is the initial strain, tc is the
average relaxation time, and bKWW is a non-exponential
parameter. After stress relaxation for 600 s, which is ahead
of the appearance of crossover in Figures 2a and 3,
the recovery data can be well fitted by the ea= ea(0)
exp(–(t/1620.66)0.55), indicating that plastic strain ep is
approaching to zero. The residual strain was fully
recovered after a short recovery time and only elastic
deformation occurred in the fast process, as shown in
Figure 4a. It is widely recognized that stochastic deforma-
tion units are activated, and localized shear transformation
events are recoverable in the elastic regime of MGs [20,33].
For a long-time stress relaxation ta= 3480 s, which is after
the crossover points, the anelastic recovery data for 28800 s
can be well fitted by the ea= ea(0)exp(–(t/37578.23)

0.24)
with a residual strain ep is up to 0.075%, as exhibited in
Figure 4b. It reflects that plastic strain emerges due to the
appearance of the slow process. Obviously, the slow process
is related to the irreversible atomic rearrangements,
representing that the localized deformation units self-
organize and operate in a cooperative manner [34,35]. So
the soft magnetic properties will deteriorate slightly in
Figure 2a, resulting from the appearance of plastic strain in
the slow process.
4 Conclusion

In summary, the relevance of soft magnetic properties and
relaxation dynamics were investigated in Fe76Si9B10P5
metallic glass by stress relaxation. We found a crossover of
relaxation dynamics from the fast process consistent with
individual localized shear transformation process to the
slow process consistent with the cooperative motion of
localized deformation units emerging in stress relaxation.
In the fast process, the soft magnetic properties are
significantly improved, including the coercivity Hc declin-
ing sharply, and the magnetic domain walls becoming
regular because of the stress relief. However, the soft
magnetic properties deteriorate slightly due to the
appearance of plastic strain in the slow process. These
results reveal that it is probable to prepare Fe-based MGs
with excellent soft magnetic properties and mechanical
properties by controlling the stress relaxation condition.
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