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a b s t r a c t

A novel ductile Fe56Ni20Mo4P11C4B4Si1 bulk metallic glass (BMG) with saturation magnetic flux density of
0.93 T, coercivity of 1.9 A/m and plastic strain of 7% was successfully synthesized in this work. Effects of
Ni and Si additions on mechanical properties and serrated flow behavior of Fe-Mo-P-C-B BMGs were
systematically investigated. It was found that the simultaneous additions of Ni and Si are effective to
improve the plasticity of Fe76Mo4P12C4B4 BMG as indicated by the increase in the plastic strain from 1.7%
to 7%. Serrated flow behavior is not observed in Fe76Mo4P12C4B4 BMG. However, the chaos state occurs in
Fe56Ni20Mo4P12C4B4 BMG, and eventually the self-organized critical (SOC) behavior appears in
Fe56Ni20Mo4P11C4B4Si1 BMG. The stable shear-band dynamics leads to the formation of multiple shear
bands, resulting in a complex deformation process follow the SOC dynamics. The improved plasticity
might result from an increased number of potential shear transition zone sites, and a stronger tendency
of forming shear band interactions. This work provides a perspective from serrated flow behavior to
understand plastic deformation mechanism in Fe-based BMGs with different plasticity.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Since the Fe-metalloid amorphous alloy was firstly developed in
1967 [1], Fe-based amorphous alloys have been drawing increasing
attention due to their excellent soft magnetic properties such as
high saturation magnetic flux density (Bs), low coercivity (Hc) and
low core loss [2], and some of them have been used as magnetic
core alloys [3e5]. For FeNi-based amorphous alloys, due to their
high permeability, they have been used to partly substitute per-
malloys in sensors, magnetic shielding, springs, read-write heads of
digital devices etc., under the trademark of Metglas 2826MB [6].
However, the critical size as thin ribbons limited their more widely
applications as three-dimensional micro parts. In 1995, Fe-based
bulk metallic glass (BMG) was firstly synthesized in Fe-(Al, Ga)-
metalloid system [7]. From then on, a large number of Fe-based
BMGs have been developed with great efforts devoted by
and Engineering, Jiangsu Key
t University, Nanjing 211189,
materials scientists and researchers [8e15]. Among them, some
FeNi-based BMGs with good soft magnetic properties and super-
high strength have been developed [16,17]. Nevertheless, the glass-
forming ability (GFA) was increased and the bulk metallic glasses
were successfully prepared, the plasticity remained poor, which yet
limited their potential applications as structural and functional
materials.

In recent years, an amount of Fe-based BMGs with superhigh
strength and some ductility have been developed by modifying
alloy compositions [18e25]. It has been found that twomethods are
effective to improve plasticity of Fe-based BMGs. The first method
is in situ formation of composites containing Fe23B6 or a-Fe second
phases, which can prevent a single shear band from traversing
through the specimen and promote the generation of multiple
shear bands [19,22,24]. However, precipitation of the second pha-
ses usually deteriorates the soft-magnetic properties of ferromag-
netic BMG because the magnetic domain will be pinned by these
second phases [26,27]. The second method is to add metallic ele-
ments with high Poisson's ratio, such as Ni element, because Ni
element exhibits higher Poisson's ratio, and high Poisson's ratio has
been proven to be one of the important factors in designing a glassy
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alloy to alleviate the brittleness [28,29]. A lot of researches have
shown that substitution of Ni for Fe is effective to improve the
plasticity and toughness in Fe-based BMGs [18,20,30], as Ni has
higher Poisson's ratio than Fe [31]. In particular, the Fe50Ni30P13C7
BMG with high yield strength of 2250MPa and a significant plastic
strain larger than 20% has been synthesized, which is the largest
value reported to date for Fe-based BMGs [29,30]. More impor-
tantly, both Fe and Ni are magnetic elements and thus it is expected
that the ductile FeNi-based BMGs synthesized via the second
method will possess relatively good magnetic properties.

In addition, the serration behavior during compressive tests has
been proven to be a direct reflection of the mechanical properties
for BMGs, and serration analysis is a convictive method to under-
stand the dynamics of shear banding [32e39]. Here the serration
refers to the repeated jerky stress drop on the loading curves,
formed by avalanche and arrest of shear bands during deformation.
Some statistics studies reveal that the shear bands in brittle and
plastic BMGs would follow a chaotic behavior or a self-organized
critical (SOC) behavior, where the serrated flow behavior falls in
peak distribution or a power law distribution [32,40]. According to
such understanding, the plastic deformation and shear-band dy-
namics of BMGs under different testing conditions [32,41e45] have
been reasonably explained. However, statistical studies of serra-
tions in Fe-based BMGs with different elements additions are still
rare. Thus, it is important to reveal the origin of the different
plasticity in Fe-based BMGs with different elements additions, and
the relationship among serrated flow behaviors, shear-band dy-
namics and plasticity of Fe-based BMGs.

Recently, Fe39Ni39B14.2Si2.75P2.75Nb2.3 BMG with a high yield
strength of 2850MPa and large plasticity of 7.8% has been syn-
thesized [46]. However, there is a strong demand for reducing
materials cost through decreasing the content of the precious ele-
ments Nb, Ni and B. Motivated by the analyses mentioned above,
the aim of the present study is to synthesize ductile Fe-based BMGs
with high strength, good soft magnetic properties and low mate-
rials cost. After investigation of our previous work [47e50], the
Fe76Mo4P12C4B4 BMG was selected as the base alloy in this study
because of its excellent soft magnetic properties and high strength.
By adding Ni and Si elements in this base alloy, the Fe56Ni20-
Mo4P11C4B4Si1 BMG with less amount of Ni and B elements and
without Nb element was successfully synthesized, which exhibits
excellent soft magnetic properties of high Bs of 0.93 T and low Hc of
1.9 A/m, as well as high yield strength of 2780MPa. Effects of Ni and
Si additions on the mechanical properties and serrated flow
behavior of Fe-Ni-Mo-P-C-B-Si BMGs were investigated. The sta-
tistics results of this Fe-based BMGs systemwith different additions
were systematically analyzed from the viewpoint of dynamics
methods, which might shed light on understanding the relation-
ship among serrated flow behavior, shear-band dynamics and
plasticity of Fe-based BMGs.

2. Experimental

Alloy ingots of Fe76-xNixMo4P12-yC4B4Siy (x¼ 0, 10, 20; y¼ 0, 1,
2 at. %) were prepared by induction melting the mixture of high
purity Fe, Ni andMometals, C, B and Si crystals and prealloyed Fe-P
ingots under a high-purified argon atmosphere. The mass losses
were less than 0.2wt%. Ribbons with a width of 1.6mm and
thickness of 20 mm were prepared by single-roller melt spinning
with a linear velocity for copper wheel of 40m/s. Cylindrical rods
with diameters of 1e2mmwere prepared by copper mold casting.
The structure of rods was examined using X-ray diffraction (XRD,
D8-Discover, Bruker) with Cu Ka radiation.

Bs under a maximum applied field of 800 kA/m was measured
with a vibrating sample magnetometer (VSM, Lake Shore 7410). Hc
was measured with a DC B-H loop tracer (RIKEN BHS-40) under a
field of 800 A/m. All the ribbon samples for magnetic property
measurements were annealed at the temperature of Tg-50 K for
600 s to reduce the influence of inner stress on soft magnetic
properties through structural relaxation. The yield strength (sy)
and the plastic strain (εp) were measured by compression testing
with a mechanical testing machine at room temperature with a
strain rate of 5� 10�4 s�1. Specimens for mechanical measure-
ments were cut from the as-cast glassy rods with an aspect ratio of
2:1 (1mm in diameter). The deformation behaviors and fracture
surfaces were examined by scanning electron microscopy (SEM,
Sirion 200, FEI).

3. Results and discussion

The structural results were obtained from the XRD measure-
ments. Fig. 1 shows the XRD patterns of as-prepared Fe76-
xNixMo4P12-yC4B4Siy (x¼ 0, 10 and 20; y¼ 0, 1 and 2 at. %) glassy
rods with different Ni and Si contents and the corresponding crit-
ical maximum diameter for fully glass formation. The XRD patterns
of all specimens exhibit broad diffraction maxima, which is char-
acteristic of an amorphous structure. It is worthy to mention that
the broad diffusive amorphous halo peak shifts to a lower diffrac-
tion angle with addition of Si element. The principal diffraction
angle (2q) gradually decreases from 44.9� for Si-free BMGs to 43.3�

for Si-containing BMGs, indicating structural changes of these Fe-
based BMGs with Si addition.

The critical maximum diameters (Dmax) for fully glass formation
for various Ni and Si additions in Fe76-xNixMo4P12-yC4B4Siy metallic
glasses are listed in Table 1. It can be seen that the critical diameter
of Fe76-xNixMo4P12-yC4B4Siy BMGs decreases to 1.5mm with the
substitution of 10 and 20 at. % Ni for Fe, then increases to 2mmwith
the addition of 1 at. % Si element. However, excessive addition of Si
degrades the GFA of alloys, and the critical diameter decreases to
1mm with 2 at. % Si addition. It shows that addition of Ni element
decreases the GFA, while proper addition of Si element is effective
to improve the GFA. It has been reported that the large (Fe, Ni and
Mo) and small (B, C and Si) atoms can form a reinforced “back-
bone” in the amorphous structure, which would suppress the
crystallization and increase the GFA [49]. Additionally, by alloying
with small amounts of Si element, the network-like structure may
becomemuch stronger because of the mixing enthalpies with large
negative values between Si and Fe, Ni or Mo elements [49,51]. This
two effectiveness would increase the stability of the undercooled
liquid, resulting in the enhancement of the GFA in Si containing
alloys.

In addition to the high GFA, the Fe-based BMGs exhibit excellent
soft magnetic properties. Fig. 2 shows hysteresis loops of melt-spun
Fe76-xNixMo4P12-yC4B4Siy ribbons measured with VSM. The inset in
Fig. 2 shows the changes of Bs and Hc as a function of Ni and Si
content. The Bs andHc decrease gradually from 1.10 to 0.88 T and 1.8
to 1.0 A/m with the increasing Ni content from 0 to 20 at. %,
respectively, then increase to 0.93 T and 1.9 A/m with 1 at. % addi-
tion of Si element. The decrease of Bs with increasing Ni content is
caused by the lower magnetic moment of Ni (0.6 mB) compared
with that of Fe (2.2 mB). However, the increase of Bs with the
replacement of P by Si can be attributed to the increase of magnetic
moment of Fe. It has been suggested that Si possesses a smaller
number of outer electrons (2 electrons) compared with P (3 elec-
trons). Consequently, the decrease of outer electrons reduces the
probability of filling up 3d bands of Fe, resulting in a larger mag-
neticmoment [47,52]. The reason for the slightly increase ofHc with
1 at. % Si addition may be attributed to the increase of internal
stress resulting from larger atomic size of Si than P, B and C ele-
ments [47,53].



Fig. 1. XRD patterns of as-cast Fe76-xNixMo4P12-yC4B4Siy (x¼ 0, 10, 20; y¼ 0, 1, 2 at. %) BMGs.

Table 1
Maximum diameters, mechanical and magnetic properties of Fe76-xNixMo4P12-
yC4B4Siy (x¼ 0, 10, 20; y¼ 0, 1, 2 at. %) metallic glasses.

Composition Dmax (mm) Mechanical
properties

Magnetic
properties

sy (MPa) εp (%) Bs (T) Hc (Am�1)

Fe76Mo4P12C4B4 2 2875 1.7 1.11 1.8
Fe66Ni10Mo4P12C4B4 1.5 2700 3.6 1.07 1.5
Fe56Ni20Mo4P12C4B4 1.5 2680 5.9 0.88 1.0
Fe56Ni20Mo4P11C4B4Si1 2 2780 7 0.93 1.9
Fe56Ni20Mo4P10C4B4Si2 1 2890 0.3 0.91 3.5
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In addition to the excellent soft magnetic properties, this Fe-
based BMGs system exhibits good mechanical properties. Fig. 3
shows the engineering stress-strain curves of as-cast Fe76-
xNixMo4P12-yC4B4Siy glassy rods tested under compression. All the
samples exhibit high yield strength over 2500MPa, whereas the
plasticity strongly depends on the number of additional elements.
For themetallic glasses with substitution of Ni for Fe from0 to 20 at.
%, the yield strength slightly decreases from 2875 to 2680MPa,
while plastic strain continuously increases from 1.7 to 5.9%. In
contrast, the Si-containing metallic glasses show a non-monotonic
dependence between mechanical properties and Si content. With
an increase of Si addition content from 0 to 1 at. %, plastic strain
increases from 5.9 to 7.0%, and then catastrophically fails without
any plasticity with 2 at. % Si addition. The results show that modi-
fication of Fe to Ni concentration ratio and addition of Si element in
Fe76Mo4P12C4B4 BMG can effectively improve the room tempera-
ture compressive plastic deformability. Table 1 also summarizes the
magnetic and mechanical properties of the Fe76-xNixMo4P12-
yC4B4Siy metallic glasses.
To further characterize the deformation behavior of this Fe-
based BMGs system with different addition of Ni and Si elements,
we enlarge the stress-strain curves of three typical Fe76Mo4P12C4B4,
Fe56Ni20Mo4P12C4B4 and Fe56Ni20Mo4P11C4B4Si1 BMGs with plastic
strain of 1.7%, 5.9% and 7%, respectively, as shown in Fig. 4. Obvi-
ously, the mechanical responses of three Fe-based BMGs subjected
to external stress are similar, which can be classified into three
stages, i.e. the elastic deformation region (stageⅠ), the steady-state
plastic deformation region (stageⅡ), and the stress-decreasing re-
gion (stageⅢ). The plastic strain of different stages for three curves
are 1.2%, 3.6%, 5.8% in stage Ⅱ and 0.5%, 2.3%. 1.2% in stage Ⅲ,
respectively, which indicates that Fe-based BMGs with larger
plasticity exhibit longer stage Ⅱ. In addition, the serrated flow
behavior also changed with the addition of Ni and Si elements. As
seen in Fig. 4(d), Fe76Mo4P12C4B4 BMG exhibits non-serrated-flow
behavior during three stages. In contrast, the serrated-flow phe-
nomena are evident on the stress-strain curves of Fe56Ni20-
Mo4P12C4B4 and Fe56Ni20Mo4P11C4B4Si1 BMGs, as shown in Fig. 4(e)
and (f), respectively. Even more interesting is the change of serra-
tion patterns in this Fe-based BMGs system with addition of Si
element. In Fe56Ni20Mo4P12C4B4 BMG, the serration patterns are
uniform and large. However, in Fe56Ni20Mo4P11C4B4Si1 BMG, the
serration patterns are much more complex with numerous small
stress drops but fewer large ones. Although both curves display
obvious serrated flow behavior, there are essential differences be-
tween them. The above results clearly suggest that the serrated
flow behavior is composition dependent. The reasons of these be-
haviors will be discussed later.

Fig. 5 shows SEM images of deformed (before failure) and
fractured (after failure) Fe76Mo4P12C4B4, Fe56Ni20Mo4P12C4B4 and
Fe56Ni20Mo4P11C4B4Si1 BMGs. As shown in Fig. 5(a), only a single
shear band along the direction of the largest shear stress (pointed



Fig. 2. Hysteresis loops of melt-spun Fe76-xNixMo4P12-yC4B4Siy (x¼ 0, 10, 20; y¼ 0, 1, 2 at. %) metallic glasses. The inset is the variations of Bs and Hc with different Ni and Si contents.

Fig. 3. Compressive stress-strain curves of as-prepared Fe76-xNixMo4P12-yC4B4Siy (x¼ 0, 10, 20; y¼ 0, 1, 2 at. %) BMGs.
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Fig. 4. Plastic strain regimes for (a) Fe76Mo4P12C4B4 BMG, (b) Fe56Ni20Mo4P12C4B4 BMG and (c) Fe56Ni20Mo4P11C4B4Si1 BMG. (d), (e) and (f) are the enlarged regions pointed by black
rectangle in (a), (b) and (c) respectively.
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by yellow arrow) can be observed in Fe76Mo4P12C4B4 BMG. In
Fe56Ni20Mo4P12C4B4 BMG (see Fig. 5(b)), a relatively large primary
shear band and a few secondary shear bands (pointed by red arrow)
appear on the lateral surface. In the Fe56Ni20Mo4P11C4B4Si1 BMG
(see Fig. 5(c)), a high density of secondary shear bands can be
observed, which are paralleled to the existing primary shear band.
Meanwhile, a large number of multiple shear bands are observed in
Fig. 5(d) (enlarged region A in Fig. 5(c)). It is noticed that these
shear bands are not straight in shape but interconnect with inter-
section, arresting or branching with each other, indicating the high
resistance ability to propagation of shear bands. We further
examined the fracture surface of Fe56Ni20Mo4P11C4B4Si1 BMG.
Fig. 5(e) shows robust plastic flow patterns on the fracture surface
and multiple shear bands can also be found uniformly distributed
on the lateral surface (region B in Fig. 5(e)). Furthermore, Fig. 5(f)
shows the vein-like patterns (enlarged region C in Fig. 5(e)), which
are the ductile fracture features and reveal the solidification of
melted liquid flow with fast cooling process. The formation of
multiple shear bands and the appearance of vein patterns can
evidently verify the enhanced plasticity of Fe56Ni20Mo4P11C4B4Si1
BMG.

Based on the above results, we try to explore the origin of
enhanced plasticity due to the Ni and Si additions in this Fe-based
BMGs system from viewpoint of dynamics methods. First, Fig. 4(a)
and (b) show that the plastic strain of the Fe76-xNixMo4P12C4B4

continuously increases from 1.7 to 5.9%with addition of Ni element,
accompanied with the appearance of serration behavior. The shear-
band dynamics of Fe76Mo4P12C4B4 BMG shown in Fig. 5(a) agrees
with the non-serrated flow behavior, indicating that the sample
deforms through a single shear band. It is known that non-serrated
flowwill happens during deformation under two conditions: one is
the high speed of the primary shear band propagation, and the
other is less secondary shear bands. However, the shear-band dy-
namics of the Fe56Ni20Mo4P12C4B4 BMG shown in Fig. 5(b) agrees
with the large serration behavior, indicating that the deformation
proceeds via the simultaneous operation of primary and secondary
shear bands (multi-step shear banding), with each band
contributing to the plasticity and none of them carrying enough
strain to cause catastrophic failure [54]. Thus, the improved plas-
ticity of this Fe-based BMGs system with addition of Ni element is
obviously associated with the formation of secondary shear bands.

The reason why secondary shear bands can be activated with Ni
addition could be understood from a perspective of inhomogeneity.
At atomic scale, due to the structure and composition fluctuation,
metallic glasses are inhomogeneous with the existence of potential
shear transition zone (STZ) sites. When an external loading is
applied to such materials, plastic deformation begins with the
formation of shear bands that are activated by the movement of
individual free volume or collective movement of loosely packed
atomic sites and is strongly related with potential STZ sites [55].
Thus, the more numbers of potential STZ sites, the higher degree of
inhomogeneity, and the larger plasticity of metallic glasses will get.
Besides, for the Fe56Ni20Mo4P12C4B4 BMG, the Poisson's ratio of the
alloy system can be increased by Ni addition, since Ni has higher
Poisson's ratio (0.31) compared with Fe (0.29) [31]. It is known that
the higher Poisson's ratio is accompanied by more number of po-
tential STZ sites [56,57], resulting in an increasing number of sec-
ondary shear bands arising during deformation, thus the improved
plasticity.

Then, proper addition of Si element in the Fe56Ni20Mo4P12C4B4
BMG further improves the plastic strain up to 7%. As seen in
Fig. 4(b) and (c), although both curves of two Fe-based BMGs
exhibit obvious serrated flow behavior, the serration patterns are
different with addition of Si element, which indicates changes in
shear-band dynamics of Fe56Ni20Mo4P12C4B4 and Fe56Ni20-
Mo4P11C4B4Si1 BMGs. A detailed analysis of serration patterns will
be given as follows. As seen in Fig. 6(a), the serrated process is
characterized by repeated cycles consisting of a sudden stress drop
and a gradual rising section. It is believed that the stress drop
section stands for the formation and expansion processes of the
shear bands, while the rising section represents the elastic loading
process. As shown in Fig. 6(b), the duration time (tp) of stress drop is
shorter than the elastic loading time (te). It means that the energy
slowly accumulates forming shear bands. When the formation



Fig. 5. SEM images taken from the deformed and fractured Fe76-xNixMo4P12-yC4B4Siy (x¼ 0, 10, 20; y¼ 0, 1, 2 at. %) samples: (a) The shear band morphology of Fe76Mo4P12C4B4 BMG
after deformation. (b) The shear band morphology of Fe56Ni20Mo4P12C4B4 BMG after deformation. (c) The shear band morphology of ductile Fe56Ni20Mo4P11C4B4Si1 BMG after
deformation. (d) The magnified region A in (c) showing the intersection, arresting and branching between multiple shear bands. (e) The fractured surface of Fe56Ni20Mo4P11C4B4Si1
BMG. (f) Vein patterns for Fe56Ni20Mo4P11C4B4Si1 BMG after failure (enlarged region C in (e)).
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process finished, the shear bands expand rapidly to release the
energy. At this point in the process, the stress drop magnitude is
denoted as stress-drop magnitude (△ss), which is calculated from
the difference between the maximum and minimum of each
serration. This drop reflects the slippage size of shear band and
depends heavily on the plasticity of this Fe-based BMGs system.
The statistics results of serrations in Fe56Ni20Mo4P12C4B4 and
Fe56Ni20Mo4P11C4B4Si1 BMGs are shown in Fig. 7. Each point in
Fig. 7 represents a serration on the loading curves. The horizontal
axis represents the timewhen the serration occurs, and the vertical
axis represents the△ss of the serrations. Considering the machine
error, the serrations with a size less than 1MPa are not counted. For



Fig. 6. (a) Stress vs. time curve for Fe56Ni20Mo4P11C4B4Si1 BMG. (b) The absolute de-
rivative of the stress versus time from (a), which shows the te and tp of a single
serration.

Fig. 7. The curves of stress drop with time for (a) Fe56Ni20Mo4P12C4B4 BMG and (b)
Fe56Ni20Mo4P11C4B4Si1 BMG. The red line is the average stress drop obtained by the
linear regression fit. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

Fig. 8. The statistical distribution of frequency calculated from the continuous strain-
stress curves of plastic deformations for (a) Fe56Ni20Mo4P12C4B4 BMG and (b)
Fe56Ni20Mo4P11C4B4Si1 BMG. The inset represent the corresponding power spectrum S
(u) ~u for Fe56Ni20Mo4P11C4B4Si1 BMG.
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the Fe56Ni20Mo4P12C4B4 BMG, the△ss increases linearly with time
during stage Ⅱ and Ⅲ from 1 to 90MPa, and a few small △ss could
be observed, as seen in Fig. 7(a). For the Fe56Ni20Mo4P11C4B4Si1
BMG, △ss grows slowly with time in stage Ⅱ, then increases
drastically in stageⅢ, as seen in Fig. 7(b). It can be seen that a large
number of small △ss with a size less than 10MPa could be
observed during the whole stage Ⅱ period, and large △ss above
30MPa could only be observed in stage Ⅲ.

To further reveal the underlying dynamics of serrated flow
behavior, the distribution histograms of the △ss of Fe56Ni20-
Mo4P12C4B4 and Fe56Ni20Mo4P11C4B4Si1 BMGs are shown in Fig. 8.
As shown in Fig. 8(a), one can see that the histograms of the
Fe56Ni20Mo4P12C4B4 BMG display a peak shape with most stress
drops concentrated in the range of 40MPae60MPa, indicating that
the serration size of the Fe56Ni20Mo4P12C4B4 BMG has a charac-
teristic length scale. This is consistent with the recent studies on
the serrated flow dynamics where the primary shear band has
chaotic dynamics with a Gaussian-like peak distribution of serra-
tions [32]. In contrast, the serration patterns of the Fe56Ni20-
Mo4P11C4B4Si1 BMGs are much more complex and display a
monotonically decreasing distribution, as seen in Fig. 8(b), indi-
cating that the fundamental dynamics of shear banding has
changed with addition of Si element. To quantify this behavior, the
inset of Fig. 8(b) gives the power spectrum S (u), obtained by
Fourier transformation on stress-time curve. Here, the S (u) for the
Fe56Ni20Mo4P11C4B4Si1 BMG can be well described by a power-law



Fig. 9. The variation of the mean stress drop magnitude △sN with the Young's
modulus E for different BMGs.
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distribution S (u) ~u�a, where az 2.1. This power-law relation is
an indicator of the SOC state in dynamics [32,58], whichmeans that
the system can buffer against large changes (not completely im-
mune) and endure intervention from any external impact on such a
complex system, that can be dissipated throughout the networks
of connected participants [59,60]. Thus, it is obvious that the
shear-band dynamics of the Fe56Ni20Mo4P12C4B4 and Fe56Ni20-
Mo4P11C4B4Si1 BMGs changes from chaos to SOC state.

In addition, the stability of shear bands is also an important
factor for the plasticity of Fe-based BMGs, which may be tightly
linked to the shear-band dynamics. We use the normalized serra-
tion size △sN to measure the shear band stability in this Fe-based
BMGs system, because the size of serrations could represent the
sliding distance [61]. As seen in Fig. 7 (b), using a linear regression
Fig. 10. Schematic diagram illustrating the shear-band d
fit through the stress drop vs. time diagram, △ss ¼ f (t), and then
the mean stress drop is normalized by:

DsN ¼ DsS=½f ðtÞ=f ðt0Þ� (1)

Where f (t0) is the fitted value at the starting time t0. After such
normalization, the△sN of 4.5MPa for Fe56Ni20Mo4P11C4B4Si1 BMG
are obtained. We further compared the △sN of Fe56Ni20-
Mo4P11C4B4Si1 BMG to the data of the other glassy alloys, which
were reported by Hu et al. [62]. As shown in Fig. 9, a decrease trend
can be found for the△sN with increasing E. As reported by Hu et al.
the stiffer the BMG, the smaller the shear event is [62]. And similar
trend was recently reported by Ke et al. [41] in the micro
compression tests of different metallic glasses. Clearly, the △sN of
this stiffer Fe56Ni20Mo4P11C4B4Si1 BMG is smaller than any other
BMGs, suggesting extraordinary stable shear-band dynamics in the
Fe56Ni20Mo4P11C4B4Si1 BMG. The stable shear-band dynamics rep-
resents the low possibility of fracture in a single shear band,
resulting in a strong tendency of forming shear band interactions.
And the shear band interactions mean that all shear bands involved
in the deformation, rendering the propagation of shear bands more
difficult, causing an evolvement of the shear-band dynamics to the
SOC state. The multiple shear bands observed in the outer and
fractured surfaces further confirm that the Fe56Ni20Mo4P11C4B4Si1
BMG deforms by a large number of small stress-drop serrations in
SOC dynamics.

Based on the theory of inhomogeneity, we can infer that the
formation of multiple shear bands with Si addition is due to the
increase of potential STZ sites. To verify this opinion, the structural
changes in Fe-based BMGs were investigated. As shown in the XRD
results, the principal diffraction angle (2q) decreases with the
addition of Si element. According to the Bragg equation: l¼ 2r1sinq,
a decrease in q represents an increase in average atomic distance,
resulting in a loose structure and large free volume in Fe-based
BMGs. In addition, since the atomic sizes of the metalloids
change in the order of Si> P> B> C, the dissolution of Si with larger
atomic size will increase the internal stress [47]. Indeed, recent
ynamics in the ductile Fe56Ni20Mo4P11C4B4Si1 BMG.
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studies suggested that STZ is more likely to be found in local regions
having certain structural features, e.g. areas with loosely packed
atomic sites [63], large free volume [64] and under higher atomic-
level stresses [55,65]. These regions can therefore be treated as
plausible sites for STZ formation in BMGs. Thus, potential STZ sites
were increased with the addition of Si element, leading to the
formation of multiple shear bands during deformation. As a result,
the plasticity was improved.

To better understand how shear bands propagates in these
ductile Fe-based BMGs in SOC dynamics, schematic diagram illus-
trating the motion of shear bands of Fe56Ni20Mo4P11C4B4Si1 BMG is
shown in Fig. 10. In the elastic deformation stage (stageⅠ), the po-
tential STZ sites in BMGs grow constantly with increasing applied
stress. During the later serration process (stageⅡ), both propagation
of old shear bands and formation of new shear bands can be acti-
vated. If the later shear bands could propagate along a direction
different from the former shear bands, the shear band interactions
will be formed. The interaction of multiple shear bands favors the
efficient dissipation of accumulated elastic energy by a homoge-
neous distribution of strain and thus prevents early catastrophic
failure along a single shear band [66]. In addition, new potential STZ
sites will be formed due to the stress concentration at the in-
teractions. Therefore, the serration and multiplication process
could sustain, resulting in a stable plastic deformation region. After
that, once the primary shear band evolves into a crack and the
sample begins to slip along the main shear plane, large serrations
occur accompanied with decreasing stress in stageⅢ. Although the
primary shear band takes a portion of the overall plastic strain, the
obvious intersection and arresting phenomenon of secondary shear
bands indicate that the plastic strain is also related with formation
of new shear bands. Under this understanding, the plasticity of Fe-
based BMGs apparently correlates with the ability of forming shear
band interactions, which is related to the degree of inhomogeneity.

4. Conclusions

FeNiMoPCBSi BMGs system with high GFA and excellent soft
magnetic as well as high strength and large plastic strain were
successfully synthesized. The reasons of improved plasticity and
varied serration behaviors with different Ni and Si additions were
detailed discussed, which provides new experimental evidences for
different shear-band dynamics in Fe-based BMGs with different
plasticity. The results obtained are summarized as follows:

(1) The critical diameter for glass formation of the Fe76-
xNixMo4P12-yC4B4Siy BMGs is 2mm. This glassy alloy sys-
tem exhibits excellent soft magnetic properties with rela-
tively high Bs of 0.88e1.10 T and low Hc of 1.0e1.9 A/m.

(2) Proper additions of Ni and Si elements are effective to
improve the plasticity of Fe-based BMGs. Substitution of
20 at. % Ni for Fe, combined with 1 at. % Si addition in the
Fe76-xNixMo4P12-yC4B4Siy BMGs dramatically improves the
plastic strain from 1.7 to 7%.

(3) The serrated flow behavior is not observed in the
Fe76Mo4P12C4B4 BMG. However, the chaos state occurs in the
Fe56Ni20Mo4P12C4B4 BMG, and eventually the SOC behavior
appears in the Fe56Ni20Mo4P11C4B4Si1 BMG.

(4) The Fe76Mo4P12C4B4 BMG deforms through a single shear
band movement, exhibiting poor plasticity. For the
Fe56Ni20Mo4P12C4B4 BMG, a few secondary shear bands
occur around the primary shear band, propagating randomly
in chaotic dynamics. But for the Fe56Ni20Mo4P11C4B4Si1BMG,
multiple shear bands form and interact with each other
following the SOC dynamics, leading to large plastic strain.
The improved plasticity of this Fe-based BMG might result
frommore inhomogeneity, caused by the increasing number
of potential STZ sites.
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