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The  correlation  betweent  deformation  behavior  and atomic-scale  heterogeneity  of bulk  metallic  glasses
(BMGs)  is critical  to  understand  the BMGs’  deformation  mechanism.  In  this  work,  three  typical
[(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4, Fe39Ni39B14.2Si2.75P2.75Nb2.3, and  Fe50Ni30P13C7 BMGs  exhibiting  different
plasticity  were  selected,  and  the  correlation  between  deformation  behavior  and  atomic-scale  hetero-
geneity  of  Fe-based  BMGs  was  studied.  It is found  that  the  serrated  flow  dynamics  of  Fe-based  BMGs
transform  from  chaotic  state  to  self-organized  critical  state  with  increasing  plasticity.  This  transforma-
tion  is attributed  to  the  increasing  atomic-scale  heterogeneity  caused  by  the  increasing  free  volume  and
Plasticity
Serrated flow behavior
Atomic-scale
Heterogeneity

short-to-medium  range  order,  which  facilitates  a higher  frequency  of  interaction  and  multiplication  of
shear bands,  thereby  results  in  a brittle  to ductile  transition  in Fe-based  BMGs.  This work  provides  new
evidence  on  heterogeneity  in plastic  Fe-based  BMGs  from  the  aspects  of  atomic-scale  structure,  and
provides  new  insight  into  the  plastic  deformation  of  Fe-based  BMGs.

© 2020  Published  by  Elsevier  Ltd  on behalf  of  The  editorial  office  of  Journal  of  Materials  Science  &
Technology.
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1. Introduction

Bulk metallic glasses (BMGs) have received great attention due
to their possible applications as structural materials and their
scientific importance in understanding related condensed matter
physics [1]. Among them, Fe-based BMGs are more attractive for
applications as structural and functional materials due to their high
strength, excellent magnetic properties and high-efficient degrad-
ing ability, as well as relatively low production costs and good
availability of iron [2–5]. Nevertheless, most Fe-based BMGs frac-
ture catastrophically at room temperature, which hinders their
widespread applications as structure and function materials. There-
fore, great efforts have been devoted to improve the plasticity of
Fe-based BMGs. Some ductile Fe-based BMGs with plastic strain
ranging from 2 to 50 % have been successfully developed [6–13].

However, the intrinsic factor affecting the mechanical properties of
Fe-based BMGs is still controversial. Thus, elucidating the under-
lying physical mechanism of the plastic deformation of Fe-based
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MGs has been a matter of fundamental concern for amorphous
aterials in the past decades.

It is known that the deformation of BMG  follows a manner of
ocalized flow in shear bands at room temperature. During the shear
liding, the alloys experience many load-unload cycles, represent-
ng the shear bands’ activation and arrest. Such a phenomenon is
nderstood as the serration behavior, which is an essential char-
cteristic of plastic deformation for BMGs. Moreover, the serration
ehavior is concerned as a key to reveal the underlying dynamics
f shear banding and mechanism of plastic deformation in BMGs
14,15]. For those brittle Fe-based BMGs, the shear band propa-
ates rapidly once nucleated, and the alloys immediate catastrophic
ailure with few shear band formation [4]. For those ductile Fe-
ased BMGs, the shear bands could remain stable and be arrested,
nd the alloys exhibit large plasticity with multiple shear bands
9,10]. Statistics studies reveal that serration dynamics follow a
elf-organized critical (SOC) or chaotic state in Fe-based BMGs,
here the serration pattern falls in a power-law distribution or

 Gaussian distribution [13,16]. By such understanding, the shear
and dynamics in different BMG  systems [17,18] or under different

xternal conditions (such as sample aspect ratio, testing tempera-
ure, strain rate, and machine frame stiffness) [19–21] have been
easonably explained. Besides, it is reported that atomic-scale het-
rogeneity is closely related to the plastic deformability of BMGs
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Fig. 1. The �y and εp of typical F

[22–24]. Recent studies also verified that the nanoscale hetero-
geneity in Fe-based BMGs leads to the mechanical heterogeneity at
the multiscale and effectively improves its plasticity [25]. However,
the mechanism of internal structure on the serrated flow behavior
and shear band dynamics of Fe-based BMGs remains unidentified.
Thus, clarifying the relationship between deformation behavior and
atomic-scale heterogeneity of Fe-based BMGs is improtant for the
development of ductile Fe-based BMGs.

In this study, we systematically summarized the data
of plasticity and strength of most Fe-based BMGs, and
selected three typical Fe-based BMGs with different plasticity
([(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4 [3], Fe39Ni39B14.2Si2.75P2.75Nb2.3
[12], and Fe50Ni30P13C7 [9] BMGs) to investigate the interrelation-
ship between deformation behaviors and atomic-scale structure of
Fe-based BMGs. The statistics results of serrations showed that the
spatial evolution behaver of shear bands in Fe-based BMGs trans-
forms from a chaotic state to a SOC state with increasing plasticity.
The complex deformation process follow the SOC dynamics is
attributed to the high degree of atomic-scale heterogeneity, which
is further associated with the atomic-scale structure, resulting in a
multiple-shear-bands dominated plastic deformation mechanism
in Fe-based BMGs. Our results show that the plasticity of Fe-based
BMGs is controlled by the structural heterogeneity through regu-
lating the atomic-scale structure and the serrated flow dynamics
in turn.

2. Materials and methods

The ingots of [(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4 and
Fe39Ni39B14.2Si2.75P2.75Nb2.3 were prepared by induction melting
the mixtures of high purity Fe, Co, Ni, and Nb metals, B, and Si
crystals and pre-alloyed FeP ingots under a high-purified argon
atmosphere. Then, cylindrical rods of the two compositions were
prepared by copper mold casting methods. The Fe50Ni30P13C7 ingot
was prepared by melting the mixture of high purity constituent

elements under high purity argon gas protection by conduction
melting and then purified by flux treatment. The alloy ingot was
fluxed in a fluxing agent composed of B2O3 and CaO with a mass
ratio of 3:1 at 1500 K for several hours under a vacuum of ∼10 Pa.
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55
ed BMGs at room temperature.

inally, rod samples of the Fe50Ni30P13C7 alloy were prepared by
ater quenching. The yield strength (�y) and the plastic strain (εp)
ere measured by compression testing with a Sans 5305 testing
achine at room temperature with a strain rate of 5 × 10−4 s-1.

he samples of the three BMGs for the compressive tests were cut
rom the as-cast glassy rods with an aspect ratio of 2:1 (1 mm in
iameter). The compression test was carried out 10 times for each
MG sample to ensure the results reproducibility. The morpholo-
ies of deformed and fractured surfaces were observed by scanning
lectron microscopy (SEM, Sirion 200, FEI). Synchrotron radiation
RD analysis was conducted on three Fe-based BMGs using the
igh-intensity, high-energy monochromatic beam at Sector 15U1
t the Shanghai Synchrotron Radiation Facility. The photon energy
as  20 keV corresponding to an X-ray wavelength of 0.6199 Å, and

he beam size was 4 × 10 �m2. The resultant 2D image files were
ntegrated using the Fit2D program to obtain 1D intensity distribu-
ions as a function of the wavevector Q [26]· Furthermore, the more
efined atomic-scale structure of Fe39Ni39B14.2Si2.75P2.75Nb2.3 and
e50Ni30P13C7 BMGs was  observed by synchrotron XRD using the
eamline 11-IDC in the Advanced Photon Source, Argonne National
aboratory, USA. The photon energy was 105.1 keV corresponding
o an X-ray wavelength of 0.11798 Å and the beam size was 0.5 ×
.5 mm2. The resultant 2D image files were integrated using the
it2D program to obtain 1D intensity distributions as a function of
he wavevector Q, from which the S(Q) and the G(r) were derived
sing the PDFgetX2 program [27].

. Results and discussion

Since the first synthesis of the FeAlGaPCB BMG  in 1995 [28],
 large number of plastic Fe-based BMGs have been developed
y modifying alloy compositions. The data of yield strength
�y) and plastic stain (εp) of typical Fe-based BMG  systems
3,7,9,10,13,25,29–45] are summarized and shown in Fig. 1. These
e-based BMGs can be roughly classified into two groups according

o the main constitutional metalloid glass forming elements. One
s FeB-type BMGs (pink oval in the figure) showing superhigh �y

rom 3000 to 4850 MPa  but the limited plastic strain of less than
%. The other one is FeP-type BMGs (blue oval in the figure) show-
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Fig. 4. The enlarged transition region from stage I to stage II for (a)
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Fig. 2. The compressive stress-strain curves of [(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4,
Fe39Ni39B14.2Si2.75P2.75Nb2.3, and Fe50Ni30P13C7 BMGs at room temperature.

ing wide range εp from 2 to 50 % but relatively low �y of 2500
MPa. It seems that the mechanical properties of Fe-based BMGs are
intrinsically related to their compositions, however, the definite
interdependences between them remain unclear. Here, three typ-
ical [(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4, Fe39Ni39B14.2Si2.75P2.75Nb2.3,
and Fe50Ni30P13C7 BMGs (denoted further as B-containing, BP-
containing, and P-containing samples, respectively) were selected
and tested by uniaxial compression. Fig. 2 shows the compressive
stress-strain curves of three Fe-based BMGs deformed at room tem-
perature. As shown in the figure, a brittle-to-ductile transition from
B-containing, BP-containing to P-containing samples with their
plastic strain of 2.1, 7.8 and 23.6 %, respectively, is seen. Besides,
all the investigated samples after yielding at about 1.9 % elastic
strain exhibit an intermittent flow, displaying by repeated cycles
consisting of a sudden stress drop (��, inset in Fig. 2) and a gradual
rising section.

To further characterize the deformation behavior of Fe-based

BMGs with different plasticity, the stress-strain curves of B-
containing, BP-containing, and P-containing samples are enlarged
and shown in Fig. 3a, b, and c, respectively. It can be seen that the

l
c
B

Fig. 3. Plastic deformation region on stress-strain curve for (a) [(Fe0.5Co0.5)0.75B0.2Si0.05]96

and  (f) is the enlarged stress-strain curve of steady-state deformation region in (a), (b) an

56
(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4 BMG, (b) Fe39Ni39B14.2Si2.75P2.75Nb2.3 BMG, and (c)
e50Ni30P13C7 BMG.

lastic deformation process of three Fe-based BMGs subjected to
pplied stress are similar, which can be classified into two  stages,
.e., the yielding and steady-state plastic deformation region (stage
) and the stress-decreasing region (stage II). Furthermore, all the
hree samples show similar small-sized serration at the beginning
f yielding, but their further serration patterns are different. For
larity, Fig. 3d, e, and f show the enlarged stress-strain curves
uring the steady-state deformation region shown in Fig. 3a, b,
nd c, respectively. It is shown that the serration pattern becomes
ore complex and the maximum serration size of B-containing, BP-

ontaining, and P-containing samples decreases from 50 to 6 MPa
ith the increasing plasticity. Besides, Fig. 4 shows the enlarged

ransition region from stage I to stage II for three Fe-based BMGs.
s shown in the figure, the serration size gradually increase regu-
arly from stage I to stage II for B-containing sample (Fig. 4a), in
ontrast, serration pattern changes from complex to uniform in
P-containing sample (Fig. 4b), while much smaller sized serra-

Nb4 BMG, (b) Fe39Ni39B14.2Si2.75P2.75Nb2.3 BMG, and (c) Fe50Ni30P13C7 BMG. (d), (e)
d (c), respectively.
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Fig. 5. A statistic results of stress drop for (a) [(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4 BMG,
serration size (��max/�ε) is the slop of the red line. The statistical distribution of the
BMG, (e) Fe39Ni39B14.2Si2.75P2.75Nb2.3 BMG, and (f) Fe50Ni30P13C7 BMG, the inset in (

tion runs through the two stages in P-containing sample (Fig. 4c).
The above results show that the serration pattern is composition
dependent and varies with different plasticity in Fe-based BMGs.

Furthermore, the magnitude of stress drops was  extracted from
the stress-strain curve and these data were statistically analyzed to
investigate the serrated flow dynamics with variation in plasticity.
Fig. 5a, b, and c show the statistic �� as a function of strain for B-
containing, BP-containing, and P-containing samples, respectively.
As shown in the figure, the B-containing sample exhibits the largest
average serration size (�̄�) of 19.3 MPa, and a high proportion
of serrations at large size (Fig. 5a), by contrast, the BP-containing
and P-containing samples show much smaller �̄� of 4.14 and 1.7
MPa, respectively, and a high proportion of serration at a small size
(Figs. 5b and 5c). Because the size and number of serrations reflect
the sliding distance and the number of shear bands activated during
deformation, respectively, the largest number of serrations with the
smallest size in P-containing sample leads to a more stable defor-
mation process, resulting in the largest plastic strain shown in Fig. 2.
Besides, it can be seen that the serration sizes generally increase
linearly with the increasing strain until fracture. But the increas-
ing rate of serration size (��max/�ε) decreases with the increasing
plasticity and it is determined to be 50.48, 8.6, and 0.41 MPa/% for B-
containing, BP-containing, and P-containing samples, respectively,
indicating the higher frequency of shear-band nucleation and the
degree of inhomogeneity [16,24].

To further reveal the underlying serrated flow dynamics in
Fe-based BMG, the distribution histogram for B-containing, BP-
containing, and P-containing samples is shown in Fig. 5d, e, and
f, respectively. As shown in Fig. 5d, it is clear that the histogram of
the B-containing sample shows a peak shape with most stress drops
concentrated in the range of 30−60 MPa, indicating a characteris-
tic length scale of the serration size for B-containing sample. The
distribution can be well fitted by the Gaussian function. In general,
Gaussian-like distribution is the typical feature of a chaotic dynamic
state of serrated flow behavior [46]. The chaotic state is dynamical
systems that are highly sensitive to initial conditions, in which any
small perturbation would set off a cascading pattern, which would

make the system deviate from its original trajectory, thus inclined
to generate accidental events. In contrast, the serration patterns
of the BP-containing and P-containing samples are much more
complex and exhibit a monotonically decreasing distribution. For

i
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39Ni39B14.2Si2.75P2.75Nb2.3 BMG, and (c) Fe50Ni30P13C7 BMG, the increasing rate of
ll serration number at different serration sizes in (d) [(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4

esent the corresponding power spectrum S(ω) ∼ ω for Fe50Ni30P13C7 BMG.

-containing sample, a power spectrum S (ω), obtained by Fourier
ransformation on the stress-time curve, is calculated and plotted
n the inset of Fig. 5f. As can be seen, the S (ω) for the P-containing
ample can be well described by a power-law distribution S (ω)

 ω−�, where � ≈ 2.1 [46,47], which means that the system can
uffer against large changes (not completely immune) and endure

ntervention from any external impact on such a complex sys-
em, that can be dissipated throughout the networks of connected
articipants, resulting in the strong interactions of shear bands
nd forming networks to accommodate plasticity [48]. Besides, it
hould be noted that the stress drops of BP-containing sample show
ot only a monotonous downward trend but also the characteris-
ic peak shape distribution. As shown in the Fig. 5e, a decreasing
endency of stress drop can be seen in the range from 0 to 20 MPa,
hile a peak shape distribution exhibits in the range of 25−50 MPa,

ndicating the involvement of self-organized critical and chaotic
ynamic characteristics in this case [49]. The result shows that the
errated flow dynamics transforms from a chaotic state into a SOC
tate with the composition vary from B-containing Fe-based BMG
o P-containing Fe-based BMG. In addition to that, the change of
he increasing rate of serration size (��max/�ε) mentioned above
eaves a hint that the variation of serrated flow dynamics may
ntrinsically arise from the atomic-scale structure.

To shed light onto the correlation between serrated flow chang-
ng from chaotic to SOC state and the atomic-scale structure of
e-based BMGs, the synchrotron XRD measurements were carried
ut. Fig. 6 shows the synchrotron XRD patterns of B-containing,
P-containing, and P-containing samples. As shown in the figures,
he three samples are fully amorphous indicated by the smooth
atterns and absence of sharp Bragg peaks. With the increasing
lasticity, the first sharp diffraction peak of the XRD patterns shifts
owards low Q. It is reported that the reverse first sharp diffrac-
ion peak position 2�/Q correlates with the volume of glass with a
ower-law function [50], and can be used to estimate the relative
olume (density) change with different compositions using a Voigt
ine profile fitting after subtracting the baseline. Thus, a decrease
n Q represents an increase in average interatomic spacing, indicat-

ng a looser structure and larger free volume in Fe-based BMG with
arger plasticity. Besides, to further investigate more details about
he change of atomic-scale structure varying with the plasticity
f Fe-based BMGs, the higher energy synchrotron XRD measure-
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Fig. 7. Synchrotron XRD results of Fe39Ni39B14.2Si2.75P2.75Nb2.3 and Fe50Ni30P13C7

BMGs. (a) Total structure factor S(Q), inset is the enlarge region on the first peak of
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sample (Fig. 8b), a primary shear band along the principal shear
Fig. 6. Synchrotron radiation XRD of [(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4,
Fe39Ni39B14.2Si2.75P2.75Nb2.3 and Fe50Ni30P13C7 BMGs.

ment of BP-containing sample and P-containing sample was carried
out, and the total structure factor S(Q) and reduced pair distribu-
tion function G(r) of BP-containing and P-containing samples were
derived from the XRD patterns. Fig. 7a shows the total structure
factor S(Q) as a function of the scattering vector Q of BP-containing
and P-containing samples. For more clarity, the encircled part of the
first peak was enlarged as shown in the inset, and the dashed line
denotes the peak position (Q1). The position of the first, second and
third peak is located at Q = 3.12, 5.29 and 7.87 Å−1 for BP-containing
sample and Q = 3.09, 5.26 and 7.82 Å-1 for P-containing sample,
respectively. In addition, the second peak of P-containing sample
has a more obvious shoulder than BP-containing sample, demon-
strating a pronounced ordered structure of P-containing sample at
the length scale of short-range order [51]. Fig. 7b shows the G(r)
curves of two BMGs calculated by the Fourier transform of the cor-
responding structure factors. A light shift of peak value of q2 to
q8 towards a higher r from BP-containing to P-containing sample
suggests a looser packing at medium range scale in P-containing
sample and the enhanced intensity of these peaks indicates more
topological ordering in medium-range scale in P-containing sam-
ple [51]. Moreover, the slope of G(r) at r < 2 Å (inset in Fig. 7b),
which is proportional to the average number density of the mate-
rial, decreases from BP-containing to P-containing sample. This
result further verifies the larger free volume stored in P-containing
sample.

It is known that the deformation in BMGs is related to the coop-
erative rearrangement of atomic clusters under the applied shear
stress at room temperature, termed shear transformation zones
(STZs). Such zones are closely associated with free volume [52]
and short-to-medium range order [53,54], manifesting as some
nanoscale “liquid-like” regions (i.e. flow units) with loosely packed
atoms embedded in a solid-like substrate with densely packed
atoms. During plastic deformation, the activation of STZs become
more and more difficult with growing strain due to Gaussian-
distributed energy barriers of flow units [55], while the moving
direction of the next shear band is random. If the propagation direc-
tion of the newly formed shear band is different from the former
one, there would be shear band intersection and thereby induce
secondary or multiple shear bands, causing one or a succession of
small serrations. With increasing number of soft regions, the nucle-

ation sites of STZs increase gradually, the activated primary shear
band can be arrested by hard regions to change its moving direc-
tion, forming multiply shear bands. Therefore, the interaction and

p
t
fl

58
(Q) shown in (a) with dashed lines denoting the peak positions. (b) Reduced pair
istribution function G(r), inset is the enlarged region on the G(r) function shown in
b) at r ≤ 2.0 Å with dashed lines denoting the slope of the curve in this low-r region.

ultiplication of shear bands would become more distinct, thus
ore small serrations would be observed. It was  reported that the

nteraction-induced small serration events would push the sys-
em to a SOC state [48], which can stand up to more accidents
hus results in large plasticity of P-containing sample. Conversely,
f there is a small number of nucleation sites of STZs in BMGs,
eformation would occur along a primary shear plane with fewer

ntersections. As such, only a few small-sized serrations could be
bserved. External disturbance effect cannot be dissipated through
he cooperated motion of connected participants, i.e. shear bands.
he system dynamics changes to a chaotic state, resulting in unex-
ected brittle fracture of B-containing sample.

To verify this opinion, the deformed morphologies of B-
ontaining, BP-containing, and P-containing samples with different
eterogeneity degrees are shown in Fig. 8. In the SEM image of
-containing sample (Fig. 8a), the sample fractures along with a pri-
ary shear band along the direction processing the largest shear

tress and only one secondary shear band can be observed. This
mage agrees with the serrated flow behavior in Fig. 5d, showing
hat the sample deforms by some large-sized serrations follow-
ng the chaotic dynamic state. In the SEM image of BP-containing
lane and some secondary shear bands along or perpendicular to
he loading direction are noticed, which agrees with the serrated
ow behavior in Fig. 5b, showing that the sample deforms by both
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Fig. 8. SEM images showing the shear band morphology of (a) [(Fe0.5Co0.5)0.75B0.2Si0.0

Fig. 9. The relationships of serrated flow dynamics (average serration size),
structural heterogeneity (increasing rate of serration size) and plasticity in Fe-
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based BMGs. Inset is the fracture morphology of [(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4,
Fe39Ni39B14.2Si2.75P2.75Nb2.3 and Fe50Ni30P13C7 BMGs shown in order from brittle to
ductile, and the dominant fracture mechanism from brittle to ductile is also shown.

many small and large-sized serrations. In the SEM image of P-
containing sample (Fig. 8c), the deformation is relatively uniform
with a large number of multiple shear bands. This image agrees
with the serrated flow behavior in Fig. 5c, showing that the sample
deforms by a large number of small-sized serrations following the
SOC dynamics state. According to the view of shear band dynam-
ics, the morphology of shear bands confirms that the enhanced
plasticity of Fe-based BMGs is a consequence of the serrated flow
dynamics change from chaotic to SOC state induced by interac-
tion and multiplication of shear bands due to the higher degree of
heterogeneity.

Fig. 9 summarizes the dominated plastic flow mechanism of typ-
ical Fe-based BMGs, and their correlation with the average serration
size, increasing rate of serration size and the fracture morphol-
ogy. As shown in the figure, a clear correlation among serration
patterns, serrated flow dynamics and plasticity in Fe-based BMG
family can be seen. With decreased serration size, the serrated flow
dynamics in Fe-based BMGs will follow a SOC state, then the large
plasticity. Besides, the insets show the fracture feature in the region

of isotropic vein patterns for B-containing, BP-containing, and P-
containing samples. It can be seen that the vein pattern size on
fracture surface monotonously varies with different degree of het-
erogeneity in Fe-based BMGs. For B-containing sample, the average

59
5]96Nb4 BMG, (b) Fe39Ni39B14.2Si2.75P2.75Nb2.3 BMG, and (c) Fe50Ni30P13C7 BMG.

ein pattern size is about ∼1 �m,  corresponding to its poor plastic
train of 2.1 %. However, when the heterogeneity is increasing, the
ize of vein pattern increases rapidly, up to 10 �m for BP-containing
ample and 35 �m for P-containing sample, respectively. It should
e noted that the vein pattern of BP-containing sample shows an
bvious change in size and distribution, which is corresponding
o the mixed serrated flow dynamics shown in Fig. 6e. The differ-
nt fracture feature reflects the different dominated plastic flow
echanism [56,57]. For brittle Fe-based BMGs, single-shear-band

ominated plastic deformation process leads to the low plasticity.
ue to the low degree of heterogeneity, only a few STZ can be acti-
ated during deformation, and a small-scale plastic zone appears in
he crack tip. The structure in the small plastic zone can be viewed
s a viscous fluid due to the nature of strain softening in BMGs. Thus,
he meniscus or cavitation instability in the plastic zone dominant
he crack propagation, and their competition leads to the formation
f nm-scale vein patterns or periodical stripes. For plastic Fe-based
MGs, multiple-shear-bands dominated plastic deformation pro-
ess leads to the large plasticity. The high degree of heterogeneity
eads to a large number of potential STZ sites, resulting in the exten-
ion and deflection of multiple shear bands forming a large plastic
one ahead of the crack tip. Thus, the crack often proceeds along the
ath of inhomogeneous shear bands, leaves the vein-like patterns
n the fracture surface. It then can be concluded that the atomic-
cale heterogeneity mainly through regulating the number of free
olume and short-to-medium range order in Fe-based BMGs to
ffect the activation, propagation and interaction of shear bands,
n turn to mediate the dominated plastic flow mechanism, thereby
o result in the plasticity of Fe-based BMGs.

. Conclusion

In summary, the correlation between deformation behavior and
tomic-scale heterogeneity of three typical Fe-based BMGs with
ifferent plasticity was  investigated from a perspective of shear
and dynamics. The results obtained are summarized as followed:

1) The plasticity of Fe-based BMGs is composition dependent,
changing from brittle to ductile with the composition varies
from B-containing to P-containing sample. The plastic P-
containing Fe-based BMG  shows a large number of small-sized
serrations, which represents a better shear band stability and
avalanches of multiple shear bands.

2) The average serration size and the increasing rate of serration

size (��max/�ε) decrease with the increasing plastic strain from
B-containing to P-containing samples. Statistical analyses indi-
cate that serrated flow dynamics of Fe-based BMGs transforms
from a chaotic state characterized by Gaussian-distribution
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[55] W.  Jiao, P. Wen, H.L. Peng, H.Y. Bai, B.A. Sun, W.H. Wang,Appl. Phys. Lett. 102
(2013), 101903.

[56] B.A. Sun, W.H. Wang, Prog. Mater. Sci. 74 (2015) 211–307.
[57] Y.C. Wang, X.M. Luo, L.J. Chen, H.W. Yang, B. Zhang, G.P. Zhang, J. Mater. Sci.
J. Zhou et al. 

of into a SOC state featured by power-law distribution with
enhanced plasticity.

(3) The brittle to ductile transition of Fe-based BMGs is attributed
to the increasing heterogeneity, caused by the increasing num-
ber of free volume and short-to-medium order, which leads
to the changing of plastic deformation mechanism from single
shear-band dominated to multiple shear-bands dominated.
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