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a  b  s  t  r  a  c  t

The  strength  and  plasticity  of  Fe39Ni39B12.82Si2.75Nb2.3P4.13 bulk  metallic  glass  (BMG)  are  improved  simul-
taneously  by  modulating  atomic-scale  structure  through  fluxing  treatment.  The  compression  strength
increases  from  3074  to  4220  MPa,  and  the  plastic  strain  is  enlarged  from  10.7  % to  more  than  50 %.
The increased  mechanical  properties  of  the fluxed  FeNiBSiNbP  BMG  originate  from  the optimization  of
atomic-scale  structure.  More  icosahedral-like  clusters  (ILCs)  and  crystal-like  clusters  (CLCs)  are  found  in
this  FeNi-based  BMG  with fluxing  treatment,  and  the  ILCs  are  usually  surrounded  by CLCs.  Furthermore,
phase  separation  and a sandwich-like  heterogeneous  structure  of SB are  also  observed  during  deforma-
Plasticity
Strength
Structural heterogeneity
Shear bands

tion,  indicating  the  multiscale  deformation  mechanism  and  a stable  shear-band  evolution.  The  unique
“ILC surrounded  by CLCs”  structure  and phase  separation  lead to a stable  plastic  deformation  process
with  strong  interactions  of  multiple  shear  bands,  thereby  the improved  plasticity  and  strength.  This
work  provides  useful  guidelines  to develop  strong  and  plastic  Fe-based  BMGs  from  a  structural  aspect.

©  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 attracted great research
attention due to their superhigh strength, high elastic limit, as
well as excellent wear and corrosion resistance [1]. Nevertheless,
the deformation of BMGs is usually localized in nanoscale narrow
regions termed as shear bands (SBs), resulting in the poor deforma-
bility of most BMGs at room temperature, which severely limits
their potential application as engineering structural materials. In
the past decades, the plasticity of BMGs has been improved by
alloying elements that have large Poisson’s ratio [2,3], precipita-
tion of ductile phase in BMG  matrix [4,5], or applying extrinsic
enhancing approaches (e.g., imprinting [6], thermal cycling [7], and
high-pressure torsion [8], etc.). However, the enhanced plasticity

of BMGs is usually traded off with a loss in strength. Especially for
Fe-based BMGs, the ductile alloy systems with a plastic strain of
more than 10 % exhibit relatively low yield strength [9–12], such
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s the Fe50Ni30P13C7 BMG  with plastic strain over 50 % exhibits
he lowest yield strength of 2250 MPa  among Fe-based BMG fam-
ly [10,11]. Thus, the desired combination of superior plasticity and
igh strength of Fe-based BMGs remains a challenge and has been

 research focus.
Recent studies show that modulation of the atomic-scale

tructure of some BMGs through compositional design is effec-
ive to simultaneously enhance the plasticity and strength. In
u50Zr50 BMG, the strength of BMG  was  improved by adding Al
lement because of the formation of more icosahedral medium-
ange orders, and the uniform distribution of these clusters
lso improved the plasticity [13]. Simultaneous improvement
n plasticity and strength was also achieved in Cu46Zr46Ag8
MG  by introducing atomic-scale heterogeneities as Ag and
u have a positive mixing enthalpy [14]. Similarly, a duc-
ile (Co0.7Fe0.2Ni0.1)67.7B21.9Si5.1Nb5Cu0.3 BMG  with superhigh
trength was  developed by the formation of crystal-like order-
ng clusters [15]. However, this method can be used only for
pecific alloy systems, where the desired atomic-scale struc-

ure can be obtained by compositional modulation. It should
e noted that the atomic-scale structure of BMGs with a cer-
ain composition can change with the processing techniques. For
nstance, the molten liquid can be undercooled far below the melt-
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Fig. 1 shows the true stress-strain curves of unfluxed and fluxed
Fe39Ni39B12.82Si2.75Nb2.3P4.13 BMG  samples with an aspect ratios of
H/D = 2/1. As shown in the figure, with the fluxing treatment, the
εp and �c increase dramatically from 9.8–17.2% and 3050–4220
J. Zhou et al. 

ing temperature through fluxing treatment, which may  induce
different atomic clusters and thus change the mechanical proper-
ties. Using this method, the ductile Pt57.7Cu14.7Ni5.3P22.5 [16] and
“liquid-like” Pt74.7Cu1.5Ag0.3P18B4Si1.5 [17] BMGs with the plas-
tic strain of more than 20 % under compressive loading were
developed. Subsequently, a novel Pd79Ag3.5P6Si9.5Ge2 BMG  with
fluxing treatment was successfully prepared, which exhibits the
highest fracture toughness of 200 MPa  m1/2 among all BMGs
and rivals the best known crystalline alloys in damage toler-
ance [18]. Recently, a Fe50Ni30P13C7 BMG  with unprecedented
plastic strain up to 50 % was also developed using the fluxing
technique [10,11]. Inspired by these works, we aim to develop
plastic Fe-based BMGs with high strength through optimization
of atomic-scale structure induced by fluxing treatment in this
study.

Furthermore, the reason for the improved mechanical prop-
erties of BMGs through fluxing treatment remains unidentified.
Chen et al. suggested that fluxing treatment is likely to change
the atomic-scale structure of BMGs and thus leads to the signif-
icant enhancement of plasticity in Pd40Ni40Si4P16 BMG  [19,20].
Granata et al. proposed that the fluxing induced improvement
of the plasticity of BMGs is attributed to the reduced amount
of oxide impurities [21,22]. Johnson et al. revealed that flux-
ing bring to the compositional modification [23], which is the
reason for the change of mechanical properties of fluxed BMGs
[24]. Very recently, Eckert et al. verified that the fluxing induced
improvement of plasticity in a Fe-based BMG  can be attributed
to the formation of nanocrystal in the amorphous matrix [11].
These debates indicate that further in-depth investigations for
the mechanism of fluxing effects in BMGs still need to be pur-
sued.

Nevertheless, a major challenge is to clarify the atomic-scale
structural differences and to establish a causal link between local
structure and macroscopic mechanical properties in BMGs. In this
regard, due to the SBs are the carriers of deformation in BMGs,
the structural evolution of SBs during deformation is believed to
be a key element to originate the effect of fluxing treatment on
mechanical properties of Fe-based BMGs. The initiation, propa-
gation and evolution of SBs in Zr-, Pd-based BMGs have been
qualitatively and quantitatively well studied [25–28], whereas the
investigation of SBs in Fe-based BMGs has rarely been reported.
Therefore, it is meaningful to reveal the origin of fluxing effects
in the enhanced mechanical properties of Fe-based BMGs from
a perspective of SB evolution, which is another key point of this
work.

In this study, the Fe39Ni39B12.82Si2.75Nb2.3P4.13 BMG  with high
strength of 3300 MPa, large plasticity of 9.8 % and excellent
soft magnetic properties [29] was selected as the base alloy
for fluxing treatment to further optimize the mechanical prop-
erties. As a result, the fluxed Fe39Ni39B12.82Si2.75Nb2.3P4.13 BMG
exhibiting large plastic strain exceeding 50 % and superhigh
compression strength of 4220 MPa  was successfully developed.
Moreover, detailed investigations were carried out to study
the effects of fluxing treatment on the mechanical properties
of this FeNi-based BMG  from an atomic-structure perspec-
tive. The characteristics of atomic-scale structure for fluxed
and unfluxed FeNi-based BMGs were investigated by three-
dimensional atom probe tomography (3D-APT), synchrotron
X-ray diffraction (XRD) and high-resolution transmission electron
microscopy (HRTEM). Besides, the structural origin of enhanced
plasticity and strength of fluxed Fe39Ni39B12.82Si2.75Nb2.3P4.13 BMG
was also discussed based on the evolution of SBs under compression

loading.
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. Experimental section

.1. Sample preparation and mechanical property test

Master alloy ingots with nominal composition of
e39Ni39B12.82Si2.75Nb2.3P4.13 were prepared by induction melting

 mixture of constituent elements with a purity of above 99.9
. Two  different modifications of Fe39Ni39B12.82Si2.75Nb2.3P4.13
MGs were performed and labeled as unfluxed sample and fluxed
ample, respectively. For unfluxed sample, the FeNi-based BMG
od were produced by copper mold casting method. For fluxed
ample, the alloy ingot were fluxed in a fluxing agent composed
f B2O3 and CaO with a mass ratio of 3:1 at 1500 K for several
ours under a vacuum of ∼10 Pa. After fluxing treatment, the rod
ample was produced by copper mold casting method. The plastic
train (εp) and compression strength (�c) were measured at room
emperature by compressive measurements with a Sans 5305
esting machine at a strain rate of 5 × 10−4 s-1. The unfluxed and
uxed samples were cut from the as-cast glassy rods with aspect
atio (Height/Diameter, H/D) = 2:1 and 1.5:1 (1 mm  in diameter).

.2. Structure characterization

The morphology of deformed and fractured surface was
bserved by scanning electron microscope (SEM, Sirion 200, FEI).
eedle-shaped specimens required for APT were fabricated by lift-
uts and annular milled in a FEI Scios focused ion beam/scanning
lectron microscope (FIB/SEM). The APT characterizations were
erformed in a local electrode atom probe (CAMEACA LEAP 5000
R). The specimens were analyzed at 60 K in laser mode, a pulse

epetition rate of 200 kHz, a pulse energy of 10 pJ, and an evapo-
ation detection rate of 0.3 % atom per pulse. Imago Visualization
nd Analysis Software (IVAS) version 3.8 was used for creating the
D reconstructions and data analysis. The atomic-scale structure of
nfluxed and fluxed FeNi-based BMGs was tested by synchrotron
RD using the beam line 11-IDC in the Advanced Photon Source,
rgonne National Laboratory, USA. The photon energy was 105.1
eV corresponding to an X-ray wavelength of 0.11798 Å and the
eam size was 0.5 × 0.5 mm2. The X-ray attenuation length of the
amples at 105.1 keV is ∼2.5 mm.  The samples were sandwiched
etween two  layers of Kapton tape to increase the sample thick-
ess (in this case ∼200 mm).  A Perkin Elmer area detector was
et at a distance of 690.7 mm and CeO2 was  used as the calibra-
ion material. The exposure time was 90 s for each sample and the
ackground scattering from the air and the two layers of Kapton
ape. The resultant 2D image files were integrated using the Fit2D
rogram [30] to obtain 1D intensity distributions as a function of
he wavevector Q, from which the S(Q) and the G(r) were derived
ith the PDFgetX2 program [31]. Further HRTEM observations of

s-cast and deformed samples were carried out on an aberration-
orrected FEI Titan 80/300 microscope. The HRTEM samples were
repared by the ion milling method (Gatan Inc., PIPS-M691) under

iquid nitrogen cooling conditions.

. Results

.1. Excellent mechanical properties
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Fig. 1. The true stress-strain curves at room temperature of the unfluxed and fluxed
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Fe39Ni39B12.82Si2.75Nb2.3P4.13 BMG  samples with an aspect ratio of H/D = 2:1. The
inset is the enlarged regions pointed by black rectangle.

MPa, respectively, and the fluxed sample shows strain-hardening
characteristics. The inset shows the enlarged stress-strain curves
during the steady-state deformation region. It is clearly seen that
the serration pattern becomes more complex, and the maximum
serration size decreases from 40 to 17 MPa  with fluxing treat-
ment. Furthermore, the magnitude of stress drop was  extracted
from the stress-strain curves and these data were statistically ana-
lysed. Fig. 2a and b show the statistic stress drop (��) as a function
of strain of unfluxed and fluxed samples, respectively. As shown
in the figures, the unfluxed sample exhibits the larger average ser-
ration size (�̄�) of 20.5 MPa, and a high proportion of serrations
at large size (Fig. 2a), by contrast, the fluxed sample shows much
smaller �̄� of 3.83 MPa, and a high proportion of serration at a
small size (Fig. 2b). Previous studies show that the size and num-
ber of serrations could represent the sliding distance and number
of SBs activated in BMG  sample [32]. Thus, the larger number of ser-
rations with smaller size of fluxed sample indicates a more stable
deformation process with the formation of multiple SBs [33], result-
ing in the extensive plasticity observed in the fluxed FeNi-based
BMG. In addition, the increasing rate of serration size (��max/�ε)
decreases from 6.85 to 1.82 MPa/% with fluxing treatment, sug-
gesting a higher frequency of shear-band nucleation and a higher
degree of inhomogeneity [32,34].

Fig. 3 shows SEM images of lateral and fracture surfaces of
unfluxed and fluxed samples after compressive failure. A distinct
primary SB, which is ∼45◦ to the loading direction, can be observed
on the surface of unfluxed sample after deformation (Fig. 3a), and
only a handful of secondary SBs branching are visible around the
primary SB (Fig. 3c, enlarged region A in Fig. 3a). On the contrary,
a significant extension of stable shearing by forming a primary SB
and high density of well-developed secondary SBs can be observed
on the lateral surface of the fluxed sample (Fig. 3b). The primary SB
is inclined by ∼45◦ to the loading direction, while the shear slips
on the secondary shear planes are ∼60◦ to the loading direction,
and the strong interactions between them result in the formation
of serrated SBs (Fig. 3d, enlarged region B in Fig. 3b). The highly
branched and deflected SBs accounting for many multiple SBs for-
mation accommodate the large plastic strain of fluxed sample [35],
instead of rapid propagation along the primary SBs. Furthermore,
the fracture surface of the fluxed sample was examined, and robust
plastic flow patterns on the fracture surface can be observed, as
shown in Fig. 3e. It is worth to mention that there are two  distinct

fracture morphologies in the main shear plane. In Fig. 3e, the frac-
ture surface shows well-developed vein patterns with an average
scale of about 20 �m,  and some protruding veins have fallen over.
Also, many spheroidal particles are found on the fracture surface,

t
r
a
a

22
ig. 2. A statistic results of stress drop (��) for (a) Unfluxed and (b) fluxed
e39Ni39B12.82Si2.75Nb2.3P4.13 BMG samples, the increasing rate of serration size
��max/�ε) is the slop of the red line.

onfirming the appearance of melting liquid drops during fractur-
ng. These features mean the local viscous flow of metallic glass and
eveal the solidification of melted liquid flow with the fast cooling
rocess, which can only occur in the BMG  samples with good duc-
ility [11,12]. In Fig. 3f, finger-like vein patterns can be observed,
hich are frequently seen on the tension surfaces of BMG  samples,

uggesting the local tension stress state at the fractured moment,
hich is frequently seen on the tension surface of BMG samples

36]. It has been reported that this tension stress state is attributed
o the inclination of the test sample induced by the superfast shear-
ng at the moment of compression fracture [36], which is more
ikely to occur in Fe-based BMGs with superhigh strength.

To obtain the intrinsic shear resistance of these FeNi-based
MGs, the samples with an aspect ratio of 1.5 were used in com-
ression tests to avoid the inclination at the fractured moment.
ig. 4a shows the true stress-strain curves of unfluxed and fluxed
e39Ni39B12.82Si2.75Nb2.3P4.13 BMG  samples with an aspect ratio of
.5. As shown in the figure, the unfluxed sample exhibits similar
alues of εp (10.6 %) and �c (3074 MPa) compared to the unfluxed
ample with an aspect ratio of 2. Surprisingly, the fluxed sample
hows a very large εp, even exceeding 50 %, akin to the previously
lastic Fe50Ni30P13C7 [10,11] and Fe62Ni18P13C7 BMGs [12]. Due  to

he pronounced plastic deformation, the present FeNi-based BMG
od sample was compressed into a flake-like geometry without
pparent fracturing, as shown in the inset of Fig. 4a. Besides, Fig. 4b
nd c exhibit strong interactions of multiple SBs on the lateral sur-
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Fig. 3. SEM images of the lateral of deformed samples of (a) unfluxed and (b) fluxed
(c)  and (d) are the enlarged SEM images of region A in (a) and region B in (b), respec
BMG  sample after failure showing well-developed vein patterns and finger-like pat

face of the fluxed sample after deformation. As shown in Fig. 4b,
the SBs are branched and deflected to the direction perpendicular
to the loading axle, resulting in a large shift from their propagation
paths, as indicated by a deflective SB angle of 70◦. Meanwhile, many
small ledges, branches, and kinks along the SBs are also observed
in Fig. 4c, indicating the excellent resistance to the propagation of
SBs. The strong interactions of multiple SBs and the appearance of
vein patterns shown in Fig. 3e verify the extraordinary plasticity of
fluxed Fe39Ni39B12.82Si2.75Nb2.3P4.13 BMG.

To highlight the excellent mechanical properties of this fluxed
FeNi-based BMG, the εp and �c of typical Fe-based BMGs are sum-
marized and shown in Fig. 5 [9–12,29,37–55]. It is seen that the
compression strength correlates almost inversely to the plastic
strain among the Fe-based BMG  family (illustrated by the blue dot-
ted curve). Among them, all the unfluxed Fe-based BMGs exhibit
high �c over 3000 MPa, but show limited εp that is less than 10 %. In

contrast, some fluxed Fe-based BMGs show large εp over 10 %, espe-
cially, the Fe50Ni30P13C7 BMG[1◦ ,11] exhibits extremely large εp up
to 50 %, but the strength of these fluxed BMGs are around 2500 MPa.
It seems that the Fe-based BMGs subjected to fluxing treatment

F
t
c
F

23
i39B12.82Si2.75Nb2.3P4.13 BMGs, which were unloaded before failure in compression.
 (e) and (f) are the enlarged fracture features of fluxed Fe39Ni39B12.82Si2.75Nb2.3P4.13

 respectively.

xhibits large plasticity, but relatively lower strength. Nevertheless,
here is a counterexample that the fluxed Fe74Mo6P13C7 BMG  [55]
hows an enhanced plastic strain of 6% and a high strength of 3400
Pa. Thus, it is promising that the fluxing technique can improve

he plasticity of Fe-based BMGs while keeping their strength. In this
tudy, the fluxed Fe39Ni39B12.82Si2.75Nb2.3P4.13 BMG  with unex-
ected mechanical properties of large εp up to 50 % and high �c

f 4220 MPa, which is plotted as a red star in the figure, is a break-
hrough of the �c-εp trade-off for the Fe-based BMG  family. In the
ollowing section, the origin of the enhanced plasticity and strength
or this fluxed Fe39Ni39B12.82Si2.75Nb2.3P4.13 BMG  will be discussed
n detail.

.2. D-APT analysis

The 3D-APT investigation of the unfluxed and fluxed

e39Ni39B12.82Si2.75Nb2.3P4.13 BMG  samples were performed
o determine whether the enhanced plasticity comes from the
hemical segregation occurred during solidification, as shown in
ig. 6. The 3D-APT tip reconstructions of all elements for unfluxed
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Fig. 4. (a) The true stress-strain curve of fluxed Fe39Ni39B12.82Si2.75Nb2.3P4.13 BMG  samples with an aspect ratio of H/D = 1.5:1. The inset shows the sample after deformation
(up  to 30 % strain). (b) and (c) are SEM images of high magnification of the compressed sample in the inset of (a), showing multiple SBs. The true stress-strain curve of
unfluxed sample was also shown for comparison.
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Fig. 5. The relationship between compression strength (�c) and

and fluxed samples shown in Fig. 6a reveal that no evidence
of phase separation can be observed, and all the elements are
homogeneously distributed without any chemical segregation.
Fig. 6b and c show the corresponding statistical binomial frequency
distribution analysis of the unfluxed and fluxed samples, respec-
tively [56–58]. For both samples, the binomial curves match the
curves obtained from experiments, suggesting a totally random
distribution. The quality of the fit was quantified using several
parameters as listed in the insets of Fig. 6b and c. Reduced �2

=�(Nobs-Nexp)2/Nexp is the deviation of the measured distribution
from the binomial distribution, which represents the degree of the
heterogeneous distribution of sample compositions. Where Nobs
and Nexp is the number of bins observed in the experimental at a

certain elemental concentration and expected from a homogenous
alloy with random distributions, respectively, as modeled by a
binomial distribution, nd is the number of degrees of freedom for
a given ion, and � is the normalized homogenization parameter.

e
t
o

24
c strain (εp) of the typical Fe-based BMGs at room temperature.

he values of � for all elements in both unfluxed and fluxed
amples are close to 0, confirming the random distribution of all
he elements (Fe, Ni, B, Si, Nb, P). The reduced �2 for Fe, Ni, B, Si,
b, P elements of unfluxed sample are less than 4, also indicating
n even distribution of all components. However, the reduced �2

or B, Si, Nb of fluxed sample is much higher as compared with
hat of the unfluxed sample. The change of reduced �2 leaves

 hint that the atomic-scale structure of the FeNi-based BMG
ight be changed through fluxing treatment. Moreover, as shown

n the insets of Fig. 6b and c, the fluxed sample exhibits lower
ontent of Si element and higher content of B element than the
nfluxed sample. This unexpected B enrichment and Si depletion

n the fluxed BMG  sample are also reported by Johnson and Löffler

t al. [22,23], indicating a composition change with the fluxing
reatment, which might be associated with the structural change
f BMGs [19,20].
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Fig. 6. APT analysis on the unfluxed and fluxed Fe39Ni39B12.82Si2.75Nb2.3P4.13 BMG  samples. (a) The atom map  for corresponding Fe, Ni, B, Si, Nb, P elements distribution of
unfluxed and fluxed samples. Frequency distribution analysis of the composition of (b) unfluxed and (c) fluxed samples, obtained from experimental results and the binomial
simulation, respectively. Several parameters employed to assess the quality of the fit of the experimental results to the binomial simulation and the corresponding atomic
percentage are listed in the inserted tables of (b) and (c).
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3.3. Synchrotron XRD characterization

To further understand the origin of the dramatic changes in
the mechanical response upon fluxing treatment from a structural
perspective, the synchrotron XRD measurements on unfluxed and
fluxed samples were carried out. Fig. 7a shows the total structural
factor S(Q) as a function of the scattering vector Q of fluxed and
unfluxed Fe39Ni39B12.82Si2.75Nb2.3P4.13 BMG  samples. It can be seen
that both the samples show the typical diffuse scattering pattern of
a fully glassy structure. Fig. 7b shows the enlarged region of the first
peaks of S(Q) with the dashed lines denoting the peak position. The
first S(Q) peaks are located at 3.11 Å−1 for unfluxed sample and 3.12
Å−1 for fluxed sample, respectively, and the intensity of the first
S(Q) peak decreases from 3.29 to 3.20 with fluxing treatment. It has
been reported that both shift and broadening of the first S(Q) peak
indicate the structural evolution in glassy alloys in the medium-
range scale [59]. Besides, no significant shift is observed for other
peaks between the fluxed and unfluxed samples, and the second
S(Q) peaks have a shoulder in the high Q-side for both alloys, which
is a common characteristic of many metallic glasses and indicates
the existence of short-range ordering (SRO) [60].

The changes of atomic-scale structure for unfluxed and fluxed
Fe39Ni39B12.82Si2.75Nb2.3P4.13 BMG  samples were also investigated
in real space, through analyzing the reduced-pair distribution G(r)
with each peak defined as ri (i = 1, 2, 3, etc.), which is defined as G(r)
= 4�r�0(g(r)-1), where r is the distance, �0 is the average number
density, and g(r) is pair distribution function (Fig. 7c). The g(r) tends
to 0 at small r because atoms cannot overlap, which forces G(r) to
behave as -4�r�0 as r → 0. At low r, the slope of G(r) is proportional
to the average number density of the material. Here, the slope of
G(r) for both BMGs at r < 2 Å are almost the same (Fig. 7d), indicat-
ing the same density of these two alloys, in another word, the same
free volume stored in unfluxed and fluxed samples. Fig. 7e shows
the enlarged region of G(r) focused on the peaks corresponding to
the first nearest neighbor shell of atoms (r1), which is important to
understand the change in SRO. It is shown that the position of r1
remains at 2.56 Å for both samples, while the intensity increases
from 5.124 for the unfluxed sample to 5.185 for the fluxed sam-
ple, causing the full width at half maximum (FWHM) of the first
peak decreases from 0.5348 to 0.5327, indicating more pronounced
topological ordering on short-range scale in the fluxed sample.

On the other hand, the peaks of G(r) locating beyond the first
peak also change considerably with fluxing treatment, the enlarged
region from q2 to q8 peaks are shown in Fig. 7f. Table 1 summarizes
the peak positions of these medium-range order (MRO) peaks of
unfluxed and fluxed samples. It is shown that all peaks slightly
shift towards smaller r value (ranging from 0.03 to 0.33 %) and
the intensity decreases by ∼ 3.10 %–16.3 %, which corresponds to
fewer atoms at certain set radial distances and more atoms dis-
tributed randomly. These results indicate that fluxing treatment for
this FeNi-based BMG  leads to a decrease in coordination number
and MRO, which is consistent with the analyses of S(Q) curves.

3.4. HRTEM observation of atomic-scale structure

To gain insights into the fluxing-induced atomic-scale struc-
tural change revealed by the synchrotron XRD measurements, the
HRTEM observations were also carried out. Fig. 8a and b show
the HRTEM image and Fast-Fourier-Transformation (FFT) pattern
of unfluxed and fluxed Fe39Ni39B12.82Si2.75Nb2.3P4.13 BMG  sam-
ples, respectively. Both samples exhibit the amorphous structure of
maze-like patterns, and the FFT patterns show typical amorphous

halo rings. Nevertheless, as mentioned above, the atomic-scale
ordering is different between them. To reveal such a change in the
local atomic structure, the enlarged region of the selected areas
(white squares in Fig. 8a and b) of the corresponding HRTEM images

t
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b
o
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re shown in Fig. 8c and d, respectively, and the insets show the
FT patterns taken from the two square areas. As seen in Fig. 8c
nd d, both the samples contain local icosahedral-like clusters (ILC)
61–63] (marked by yellow circles) and crystal-like [11,64,65] clus-
ers (CLC) (marked by the red dash lines), both of which are typically
f 0.5−1 nm in size and have been identified in various metal-

ic glasses. FFT patterns showing bright spots on the broad halo
ndicate the presence of the crystal-like regions. The average lat-
ice fringes are around 2.05 ± 0.05 Å, which may correspond to
n FCC metallic crystalline phase (FCC-FeNi with bulk (111) lat-
ice spacing of 2.08 Å) [66]. However, fewer FCC-FeNi nanocrystals
nd icosahedral-like atomic clusters are observed in the unfluxed
ample than in the fluxed sample. Besides, the icosahedral-like
tomic clusters aggregate with each other in the unfluxed sample,
hile homogenously distribute throughout the amorphous matrix

nd surrounded by several nanocrystals in the fluxed sample. This
nique atomic-scale structure in the fluxed sample is marked by
reen rectangles in Fig. 8d, and the enlarged image of region A
s shown in Fig. 8e for more clarity. Moreover, the corresponding
mage for auto-correlation analysis by using custom Digital Micro-
raph scripts based on the evaluation of the local autocorrelation
unction is shown in Fig. 8f, in which the dimension of each cell
s 0.812 × 0.812 nm2. It can be seen that a five-fold symmetry
attern (the middle cell with yellow frame) is surrounded by sev-
ral ordered patterns of the crystal structure (the cells with green
rame) and disordered patterns of the amorphous structure (the
ells with brown frame). These results further confirm the existence
f the unique “ILC surrounded by CLCs” atomic-scale structure in
he fluxed FeNi-based BMGs.

This auto-correlation analysis was  also used to quantitatively
tudy the areal fraction of MRO  in unfluxed and fluxed samples.
ig. 9a and b show the segmentations of the HRTEM images for
he unfluxed and fluxed Fe39Ni39B12.82Si2.75Nb2.3P4.13 BMG  sam-
les, respectively. Here, the dimension of each cell is 1.915 × 1.915
m2, which is close to the size of MRO. Autocorrelation of these
ells is characterized into two categories, which are the fringes and
aze-like patterns. The fringe corresponds to the crystal-like struc-

ure, while the maze-like pattern corresponds to the disordering
tructure. For example, the cell locating in the 1 st row and 2nd col-
mn  in Fig. 9a is characterized by crystal-like symmetry in its FFT
attern [64] and exhibits fringes in the 2D auto-correlation map.
herefore, it was  chosen as a reference pattern to study the local
rdering in the present case. In this regard, all the sub-images in
he rest of the square cells were considered to be ordered if their
D auto-correlation patterns display a clearer fringe than the ref-
rence one [67,68]. According to the above method, all cells in the
RTEM images were analyzed. As a result, the fraction of the area
f the MRO  is 25 % in the unfluxed sample, but that decreases to 21

 in the fluxed sample as shown in Fig. 9b, indicating the reduced
tructural ordering in the medium-range scale, which is also con-
istent with the results of synchrotron XRD measurements shown
n Fig. 7f. Based on these results, more CLCs and ILCs in the fluxed
ample bring to the increase of short-range heterogeneity. Mean-
hile, the uniform distribution of the CLCs and ILCs results in a high

isordering degree in the medium-range.
The further HRTEM measurement of the fluxed sample com-

ressed to 30 % plastic strain was examined to identify the structure
hange of the unique short-to-middle-range order and a more
articular knowledge of the mechanism of remarkable plasticity
nhancement. As shown in Fig. 10a, a few unparallel SBs with
everal micrometres long are observed (marked by red and green
ines). At the central intersection area (circled), a complex plas-

ic deformation zone is formed, indicating the strong interactions
f multiple SBs. Besides, it is worth mentioning that numerous
right nanospheres with dimensions of several nanometers are
bserved in the SB affected zone. From the FFT pattern in the inset
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Fig. 7. The synchrotron XRD results of unfluxed and fluxed Fe39Ni39B12.82Si2.75P4.13Nb2.3 BMG  samples. (a) Total structure factor S(Q), (b) enlarged region on the first peaks
of  S(Q) shown in (a) with the dashed lines denoting the peak positions, (c) reduced pair distribution function G(r), (d) enlarged region on the G(r) function shown in (c) at r ≤
2.0  Å with dashed lines denoting the slope of the curve in this low-r region, (e) enlarged region on the first nearest neighbor peaks of G(r) function shown in (c), (f) enlarged
region  from q2 to q8 peaks of G(r) function shown in (c).

Table 1
Analysis of MRO  peaks in G(r).

Peak
Peak location in G(r) Peak intensity in G(r)

Unfluxed Fluxed Change Unfluxed Fluxed Change

r2 4.191 4.177 0.33 % 1.419 1.375 3.10 %
r3 6.425 6.426 0.01% 1.243 1.169 6.00 %
r4 8.491 8.470 0.25 % 0.867 0.820 5.42 %
r5 10.490 10.462 0.27% 0.415 0.388 6.51 %

1% 

3% 

3% 

c
b

r6 12.411 12.372 0.3
r7 14.693 14.688 0.0
r8 16.651 16.646 0.0

of Fig. 10a, it can be confirmed that these nanospheres are also
of glassy structure, suggesting phase separation occurred under

the compression loading. For clarity, Fig. 10b shows the magnifi-
cation image of SBs with a thickness of ∼10 nm,  as marked by red
and green dash lines. Compared with the surrounding matrix, the

b
a
g

27
0.208 0.174 16.3 %
0.227 0.195 14.1 %
0.132 0.112 15.2 %

oarsening of nanospheres in the SB marked by red dash lines can
e seen. From the FFT pattern of the selected area in the white

ox of Fig. 10b, it can be further confirmed that these nanospheres
re fully glassy structure. However, in the other SBs marked by
reen dash lines, no obvious nanospheres can be found, suggesting
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Fig. 8. The HRTEM images with the corresponding FFT pattern in the inset of (a) unflu
BMG  sample, respectively, (c) and (d) are the enlarged images with the FFT patterns
of  region A in (d), (f) the segmentation of the (e) for auto-correlation analysis.

the disappearance of nanospheres at the late stage of shear-band
evolution. During shear-band evolution, the volumetric dilation is
always accompanied, which may  result in the dimension exten-
sion of nanospheres within the SB. With the further reduction of
viscosity and increase in mobility caused by shear-induced struc-
tural disordering and generation of free volume, the coarsened
nanospheres finally disappeared [69,70]. Besides, a sandwich-like
heterogeneous structure inside the SBs is observed, as shown in
Fig. 10c: a central dark region (II) is sandwiched by two  bright
regions (I). The regions I and II both remain fully glassy, as indicated

by FFT patterns (see the insets of Fig. 10c). It has been reported
that the heterogeneity structure in SBs is induced by the hierar-
chical volume dilatation, indicating a two-step plastic deformation
mechanism in BMGs [26].

n
w
e
p

28
39Ni39B12.82Si2.75Nb2.3P4.13 BMG  sample and (b) fluxed Fe39Ni39B12.82Si2.75Nb2.3P4.13

 insets of the white square areas in (a) and (b), respectively, (e) the enlarged image

. Discussion

It is known that SB initiates from a collection of shear trans-
ormation zone (STZ), which is associated with the cooperative
hear motion of local events involving tens or hundreds of atoms
27]. Sarac et al. observed the similar FCC-FeNi nanocrystals in
he Fe50Ni30P13C7 BMG, and suggested that these CLCs with lower
hear modulus (or their interfaces) can act as sources and sinks
or STZs [11]. The CLCs deformation can initiate STZs with similar
tomic volumes; subsequently, the STZ is hindered by the homoge-

ously distributed CLCs. Thus, the absorbed deformation can be
idely spread through the regions of CLCs, then multiple SBs are

xpected to form. In our case, the abundant CLCs in the fluxed sam-
le will provide much potential STZ sites, meanwhile, these CLCs
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Fig. 9. The segmentation of HRTEM images of the unfluxed (a) and fluxed (b) Fe39Ni
segment  or cell is 1.915 × 1.915 nm2.

are spread around the high densely packed core of ILC (Fig. 8d), so
that the embryonic SB initiated by CLCs can immediately be hin-
dered by the around ILCs with high shear resistance [71], which
preventing the full development of a single SB and its propaga-
tion.

Moreover, the phase separation takes place under compression
loading due to the very small heat of mixing between Fe-Ni atomic
pairs (�Hmix Fe-Ni = −2 kJ/mol) as compared to Fe-P, Fe-C, Ni-P,
and Ni-C atomic pairs (�Hmix Fe-P = -39.5 kJ/mol, �Hmix  Fe-C =
−50 kJ/mol, �Hmix  Ni-P = -34.5 kJ/mol, and �Hmix  Ni-C = −39
kJ/mol, respectively) [72]. It should be emphasized that except for
the very small heat of mixing between Fe-Ni atomic pairs, the heat
of mixing between B and P atomic pairs is positive (�Hmix Ni-C
= +0.5 kJ/mol [72]), and the atomic distributions of B and Si ele-
ments of this FeNi-based BMG  was further modified with fluxing
treatment as shown in Fig. 6b and c. Thus the joint effect of the
heat of mixing between atomic pairs in the fluxed FeNi-based BMG
sample stimulates phase separation under compression and further
intensifies the heterogeneity of glassy structure. Areas with local
stress concentrations induced by the elastic mismatch between two

glassy phases upon loading can act as nucleation sites for SB, the
harder of the two glassy phases should act to impede SB propaga-
tion. As SB propagation becomes more difficult, new SBs will initiate

e
s
t

29
2Si2.75Nb2.3P4.13 BMG  samples for auto-correlation analysis. The dimension of each

n multiple orientations and contribute to plastic deformation and
nergy dispersion.

This multiscale deformation mechanism in the fluxed sample
nduced by the atomic- to nano-scales heterogeneity inhibits catas-
rophic failure and improves general plasticity. At atomic-scale, the
nique “ILC surrounded by CLCs” structure of the fluxed sample
rovides fertile sites of STZs and the strong network structure, lead-

ng to the strong tendency to form multiple SBs. Then, the phase
eparation occurs under compression loading further promotes the
ultiplication and branching of SBs, functioning in the similar way

s the unique atomic-scale structure, but on a nanometre scale. As a
esult, the multiplication and branching of SBs are actived, resulting
n the pronounced plasticity of the fluxed sample. In addition, since
he ILCs and nanospheres block the SB propagation during plas-
ic deformation process, new SBs will be initiated at less favorable
ites. Therefore, it is considered that the initiation of new SBs occurs
t a higher stress, resulting in the strain-hardening phenomenon
73,74].

Except for the promoting proliferation and hindering propaga-
ion of SB, obtaining the stable SB evolution also benefits to the

nhancement in plasticity and strength [75]. As indicated by the
andwich-like heterogeneity structure of SBs shown in Fig. 10c, a
wo-step evolution of SB involving different local structural varia-
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Fig. 10. (a) HRTEM image of fluxed Fe39Ni39B12.82Si2.75Nb2.3P4.13 BMG  sample compressed uniaxial to a thin-disc shape (∼30 % plastic strain), showing several SBs (red and
ple s
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green  lines) and obvious phase separation, (b) the HRTEM image of compressed sam
the  HRTEM image of SBs showing a sandwich-like heterogeneous structure, (d) th
denoting the nanospheres and white squares showing the gathering of icosahedral-

tion is suggested, including i) the rearrangement of atomic clusters,
ii) the break of atomic bonds [26]. The i) step takes place when the
deformation proceeds into plastic stage, the clusters in SBs would
adjust their local positions, orientations, or shapes to accommo-
date the change of the local strain. The FCC-FeNi nanocrystals with
“softer” metal-metal bonding nature will provide more freedom for
bonds stretching and straining [11], while the high densely packed
ILCs may  limit the flexibility of deformation among clusters [71].
This can be verified by the coarsening of nanospheres, the decrease
of nanocrystals, and the position change of icosahedral-like clus-
ters in SB (Fig. 10b). For more clarity, the selected area A of Fig. 10b
is enlarged as shown in Fig. 10d, in which the nanospheres and the
space between them are marked by green circles and white rectan-
gles, respectively. As shown in the figure, compared with the as-cast
sample (Fig. 8b), the number of CLCs decreases and the ILCs gather
together in the space between these nanospheres during the evo-
lution of SBs. It can be therefore suggested that, during the i) step
of plastic deformation, the CLCs and nanospheres become loosely
packed, inducing the volume dilatation of them, while the ILCs still
act as an entity to response to the local stress but change their
position. This evolution of atomic-scale structure in SB releases the
stress concentration, and improves the stability of SB.

As local stress further increases, atomic clusters gradually lose
their coordinated atoms and become unstable, then the ii) step

occurs. Since the rearrangement of atomic clusters cannot sustain
the increased stress, the bonds inside the clusters would break, and
then quickly extend their dimension, forming a liquid-like mor-
phology as shown in region II of Fig. 10c. This liquid-like region II

i
i
a
t

30
howing coarsening and disappearing of nanospheres in different regions of SBs, (c)
EM image of high magnification of the white square area in (b) with green circles
lusters (white circles).

ould incubate nanovoids or micro-cracks, and even cause the final
racture along the pre-sheared path (region I) [26]. In the fluxed
ample, the ii) step will be effectively retard by the unique atomic-
cale structure. Fig. 11a shows the HRTEM image of a SB at the initial
tage of forming sandwich-like structure. As shown in the figure,
he phase separation is disappeared and an inhomogeneous struc-
ure with bright and dark areas can be observed within the SB. The
nlarged region A in Fig. 11a is shown in Fig. 11b. It can be seen
hat these bright areas connecting a network are consist of ILCs
marked by yellow circles), while the dark area exhibits disorder-
ng structure. Since the stable ILCs are hard to break [76], the higher
nergy is needed for fluxed sample with more ILCs to fail, then fur-
her delays the development from SBs into cracks. The fully break
f nanospheres and CLCs at ii) step, together with the strengthened
backbones” of ILCs, can help to offset shear-softening and provid-
ng a stable evolution of SB, thereby resulting in the improved the
trength and the overall plastic deformability of the fluxed FeNi-
ased BMG.

The clusters with various structural characteristics in fluxed
ample participate in the deformation process with different
esponses. Based on the above analysis, we can conclude that the
rigin of enhanced plasticity in the fluxed sample is based on
he following two reasons: Firstly, the “ILC surrounded by CLCs”
tructure in this FeNi-based BMG  and the phase separation dur-

ng deformation lead to the multiscale heterogeneity, resulting
n the strong interactions of multiple SBs. Secondly, the unique
tomic-scale clusters in the fluxed FeNi-based BMG  sample effec-
ively stimulates more areas to deform in the i) step of shear-band
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Fig. 11. (a) HRTEM image of SB at the initial stage of forming sandwich-like structu

evolution, and at the same time retard the ii) step plastic defor-
mation process, resulting in a stable evolution process from SBs to
cracks, thereby the improved overall plasticity. While the enhanced
strength can be attributed to the phase separation and the exis-
tence of more ILCs in the fluxed sample, which lead to continuous
strain-hardening and high resistance for shear expansion.

5. Conclusion

In summary, by using the fluxing technique, a ductile
Fe39Ni39B12.82Si2.75Nb2.3P4.13 BMG  with large plastic strain over
50 % and superhigh compression strength of 4220 MPa  were suc-
cessfully developed. The combination of extraordinary plasticity
and superhigh strength is a breakthrough in a general trade-off
between εp and �c of the Fe-based BMG  family. Also, the origin of
enhanced plasticity and strength of this FeNi-based BMG  upon flux-
ing treatment were investigated in detail. It is found that no obvious
chemical inhomogeneity occurs, but the atomic-scale structure
changes with fluxing treatment. More FCC-FeNi nanocrystals and
icosahedral-like atomic clusters in the fluxed FeNi-based BMG  sam-
ple lead to the increase of heterogeneity in the short-range scale,
while their uniform distribution results in more disordering degree
in the medium-range scale. It is worth mentioning that the ILCs in
the fluxed sample are usually surrounded by several nanocrystals,
and homogeneously distributed throughout the alloy. Furthermore,
phase separation during deformation and a sandwich-like hetero-
geneous structure of SB were observed. The unique atomic-scale
structure of fluxed sample and the phase separation occuring dur-
ing deformation generates more potential STZ sites and leads a
stable evolution process of SB, resulting in the strong interactions of
multiple SBs, thereby the simultaneous improvement of plasticity
and strength. This study gives us a guideline to develop plastic Fe-
based BMGs with superhigh strength for the potential application
of commercial materials in the near future.
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