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ARTICLE INFO ABSTRACT

Article history:

The cooling rate during vitrification is critical for determining the mechanical properties of metallic
glasses. However, the structural origin of the cooling rate effect on mechanical behaviors is unclear. In
this work, a systematical investigation of the cooling rate effect on the deformation mode, shear band
nucleation, and nanoscale heterogeneous structure was conducted in three Fe-based metallic glasses. The
brittle to ductile deformation transition was observed when increasing the cooling rate. Meanwhile, the
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Cooling rate viscoelastic transition from solid-like to liquid-like as increasing cooling rate enables ductile deformation.
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formation behaviors, but also provides a new route to design ductile metallic glasses by freezing more
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nanoscale liquid-like regions during cooling.
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1. Introduction

Due to the unique atomic structure without long-range peri-
odicity and the metallic bonding, metallic glasses (MGs) have ex-
hibited a series of superior mechanical and functional properties,
such as ultra-high strength, large fracture toughness, extraordinary
catalytic properties, and superior soft magnetic properties [1-5].
These excellent physical properties make MGs have great poten-
tial in areas of aerospace, material molding, electric and electronic
devices, and green hydrogen energy [1-5]. Especially, Fe-based
soft magnetic MGs with higher saturation magnetic induction and
lower core loss have become one of the best candidates for wire-
less charging, 5th-generation technology, and the next-generation
power transformer core, which have received considerable atten-
tion [6,7]. On the other hand, as one type of metastable material,
the glass structure and the mechanical properties of MGs are easily
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affected by various internal and external factors, such as the chem-
ical composition, the cooling rate, the thermal history, and the re-
juvenation treatment [8-14]. Among these factors, the cooling rate
during materials preparation was thought to play a key role in the
vitrification of MGs and the related dynamic behaviors of the re-
laxations, the crystallization, and the mechanical deformation be-
haviors [10,11,15-17]. For example, different cooling rates usually
make Fe-based MGs display various nanocrystalline products with
distinct soft magnetic properties. Lower cooling rates actually lead
to embrittlement behavior and it seriously restrains their practi-
cal applications [18,19]. Although many experiments and simula-
tion efforts have been made to investigate the cooling rate effect
on the atomic structure and the mechanical properties in MGs [20-
25], the physical mechanism for the cooling rate effect is still un-
clear due to the unknown atomic structure [26-30]. Therefore, it
is critical to clarify the structural essence behind the cooling rate
and build the bridge between the microscopic structure and the
deformation behaviors of MGs.

For traditional crystalline alloy materials, the mechanical de-
formation behaviors are usually determined by the atomic scale,
nanoscale, or micro-scale structural defects, such as the point de-
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fects, the dislocations, and the grain boundaries [31,32]. In con-
trast, the carrier for the deformation behaviors in MGs is thought
as the shear bands (SBs). The nucleation, propagation, and in-
teraction of SBs directly lead to various deformation behaviors
under external loading [1,33-36]. The thickness of SBs for vari-
ous MG systems is about 10-20 nm and there exists one huge
scale gap with the atomic packing structure [37,38]. To bridge the
nanoscale SBs with the atomic structure, many researchers pro-
posed a series of theoretical models, such as the shear transfor-
mation zone (STZ) model, the free volume model, and the flow
unit model [39-41]. To some extent, these models can give semi-
quantitative explanations for some mechanical deformation behav-
iors and the qualitative physical picture for tuning the mechani-
cal properties of MGs [1]. However, there is no quantitative model
to connect the atomic structure with the nanoscale SB nucleation
and the macroscopic deformation behaviors. On the other hand, a
great deal of experimental researches showed that the viscoelastic
structure of MGs at the nanoscale is not homogeneous. There ex-
ist two distinct viscoelastic modes of liquid-like and solid-like in
various MGs [42-47]. The nanoscale liquid-like local regions with
low modulus, low viscosity, and high atomic mobility have been
verified to be the microscopic structural origin for the nucleation
of SBs [38,48,49]. In addition, these nanoscale liquid-like regions
have been suggested as the preferred sites that initiate the nu-
cleation and crystallization, and the microscopic structure origin
of the multiple relaxation processes [42,50,51]. These nanoscale
liquid-like regions are similar to the structural defects in crystalline
materials. It should be noted that, compared to the minor change
of the atomic structure with distinct cooling rates, both the macro-
scopic physical properties and the nanoscale structural heterogene-
ity in MGs display a large and synchronous change [42,50,51]. This
consistent change may imply that the nanoscale structural het-
erogeneities rather than the atomic packing structure are more
closely related to the mechanical deformation behaviors. Thus, the
nanoscale structural heterogeneities may provide a new perspec-
tive to uncover the physical mechanism of the cooling rate on the
mechanical deformation behaviors in MGs.

In this work, to clarify the nanoscale structural origin of the
cooling rate effect on the deformation behaviors, we specially se-
lected three Fe-based MGs with great application potential as the
research objects. The evolution of nanoscale structural heterogene-
ity, SB nucleation kinetics, and deformation behaviors with differ-
ent cooling rates were systematically studied. Micropillar compres-
sion tests were conducted to determine the mechanical deforma-
tion behaviors with different cooling rates. The experimental strat-
egy based on the nanoindentation tests [34,52,53] was applied to
obtain information on SB nucleation kinetics including the nucle-
ation site type, the nucleation site density, and the nucleation rate
corresponding to different cooling rates. Static force microscopy
(SFM) was used to detect the evolution of the nanoscale structural
heterogeneities with different cooling rates. Finally, one physical
scheme was proposed to illustrate the cooling rate effect and the
intrinsic relationship of the nanoscale structural heterogeneity, the
microscale SB nucleation behaviors, and the macroscopic deforma-
tion mode in MGs.

2. Experimental setup
2.1. Sample preparation and structural characterization

The ingots with the nominal chemical compositions of
FE73.55i]3.5B9Nb3CU1, FegzsizB]G, and Fe36C036B19.25i4,8Nb4 were
prepared by induction melting the mixture of pure Fe, Si, B, Nb,
Co, and Cu with 99.9% purity in a high-purity argon atmosphere.
To ensure chemical homogeneity, all of the ingots were re-melted
at least six times. Then, the obtained ingots were cut into sev-
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eral small pieces for the following procedures. For different Fe-
based MGs, different samples were prepared by different fabrica-
tion methods. For Fe;35Sij35BgNb3Cuy, three different ribbon-like
samples were prepared by single-roller melt spinning on a cop-
per wheel with tangential speeds of 35, 40, and 45 m/s, respec-
tively. The detailed fabrication process can be seen in the inserted
scheme of Fig. 1(a). The ribbon-like samples corresponding to cop-
per wheel speeds of 35, 40, and 45 m/s are marked as Glass 1,
Glass 2, and Glass 3, respectively. The dimensions for the ribbon-
like samples corresponding to the copper wheel speeds of 35, 40,
and 45 m/s are 2 m x 2 mm x 47 um, 2 m x 2 mm x 39 pum,
and 2 m x 2 mm x 31 um (length x width x thickness). Based
on the method of estimating the cooling rate of amorphous alloys
proposed by Lin and Johnson [54] (the detailed calculation process
can be seen in part 1 of Supplementary Materials), the correspond-
ing cooling rates of the above ribbon samples were calculated to be
(4.5 + 0.1) x 10%, (6.6 = 0.2) x 10, and (10.2 £ 0.1) x 10° K/s for
copper wheel speeds of 35, 40, and 45 m/s.

Similarly, for Feg,Si;Bqg, the melt spinning method was ap-
plied and the applied wheel speeds were 30, 40, and 50 m/s.
The corresponding ribbon samples are labeled as Glass 4, Glass
5, and Glass 6. The dimensions for these ribbon-like samples cor-
responding to the copper wheel speeds of 30, 40, and 50 m/s
are 2 m x 2 mm x 65 um, 2 m x 2 mm x 35 um, and
2 m x 2 mm x 20 um (length x width x thickness). The
corresponding cooling rates of the above ribbon samples were
(24 + 0.1) x 10°, (8.2 + 0.3) x 10% and (25.1 + 1.2) x 10° KJs.
For Fe3Co36B192SiggNby, the ribbon-like and bulk samples were
prepared by the melt spinning and copper mould suction casting
methods. For bulk sample, one plate sample with the dimensions
of 2 mm x 4 mm x 60 mm was obtained and was marked as
Glass 7. For ribbon-like sample, the copper wheel speeds of 30
and 60 m/s were applied and the corresponding samples were
marked as Glass 8 and Glass 9. For Glasses 7, 8, and 9, the cor-
responding cooling rates were 2.5 x 102, (3.5 = 0.1) x 10° and
(161 + 0.6) x 10° K/s. The detailed results of the sample di-
mensions and the calculated cooling rates were included in Table
S1 of Supplementary Materials. The glassy nature of the above-
prepared samples was verified by X-ray diffraction (XRD, Bruker
D8 Advance, Cu-Ky) and high-resolution transmission electron mi-
croscopy (HRTEM, Talos F200x).

2.2. Mechanical measurements

For ribbon-like samples with microscale thickness, the tradi-
tional mechanical measurement methods, such as compression,
tension, and three-point bending tests, are not effective in char-
acterizing the intrinsic mechanical deformation behaviors. In con-
trast, the micro-pillar compression test is a suitable and sensitive
experimental tool to detect the evolution of the deformation be-
haviors with the cooling rate. Columnar samples for micro-pillar
compression tests were fabricated from the as-cast ribbon-like MG
samples by a focused ion beam system (FIB, FEI Helios-G4-CX). For
bulk samples, to confirm the uniform experimental conditions, the
micropillar samples of the same size were also prepared by FIB. To
minimize the effect of FIB irradiation on the as-cast samples, the
consecutive annular milling procedure with decreasing beam cur-
rents was applied. The detailed steps are: Firstly, one rough cutting
is made with a high ion beam current of 9.3 nA. Secondly, grind
out a groove that leaves an island in the center of the sample by
an ion beam current of 2.5 nA. Finally, the micropillar samples are
fabricated by gradually reducing the ion beam current to 0.79 nA.
The dimensions for all of the fabricated micropillar samples are
about 1 pm in diameter and 2-2.5 pm in height (the height-to-
diameter ratio is between 2:1 and 2.5:1).
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Glass 2

Glass 1

Fig. 1. (a) Scheme of glass formation cooling down from liquid with different cooling rates. The inset illustrates the experimental melt-spinning method to prepare the
ribbon-like MG samples. (b) XRD patterns of the MG samples with different cooling rates. The black dashed arrow points to the evolution of the amorphous peak with the
increase of the cooling rates. HRTEM images and the corresponding selected area electron diffraction patterns for MG samples with different cooling rates: (c) Glass 3 with
fast cooling rate, (d) Glass 2 with medium cooling rate, and (e) Glass 1 with low cooling rate.

Micropillar compression tests were carried out on a Hysitron
TI980 nanoindenter (Bruker) under the displacement-controlled
mode at room temperature. The applied compression tip was the
diamond flat punch indenter (TI-0145). The nominal stress was de-
fined by the compressive load divided by the area of the top end
of micropillars. The nominal strain was the ratio of displacement
to sample height. For all compression tests, the allowed thermal
drift is less than 0.05 nm/s and the strain rate is controlled at
1 x 1073 s71. To ensure the reproducibility of the experimental re-
sults, at least three micropillar samples for each cooling rate were
prepared. To detect the change of surface morphology induced by
compression deformation, the morphology of all of the micropillar
samples before and after compression tests was characterized by a
double-beam scanning electron microscope (FEI Helios-G4-CX).

2.3. Nanoindentation tests

Before nanoindentation tests, all of the ribbon-like MG sam-
ples corresponding to three cooling rates were first cut into sev-
eral small pieces with a length of about 2 cm. Then, they were
mounted into different rubber molds by mixing epoxy hardener
and epoxy resin for at least 12 h. Finally, all mounted samples were
progressively polished with diamond abrasive films of 20, 10, 5, 2,
1, and 0.5 pm. To ensure that the surface of the polished samples
is a smooth plane without scratches, the polished samples were
observed through a metallographic microscope (Axio Observer 5).
Meanwhile, to exclude the effect of the surface residual stress on
the nanoindentation tests, all of the polished samples were held
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at room temperature for at least three weeks before the following
tests.

Nanoindentation tests were performed on a KLA G200 nanoin-
denter equipped with a Berkovich tip. The curvature radius of the
applied tip is about 100 nm. All tests were performed with the
load-controlling mode with a loading rate of 0.025 mN/s. For each
sample, a rectangular matrix containing more than 200 points was
tested to ensure that the obtained data were statistically signifi-
cant. To prevent the possible overlapping of strain fields between
the neighboring indentations, each of the indentations was sepa-
rated by a lateral distance of 20 pm. The maximum drift rate for
all tests was controlled under 0.05 nm/s to ensure low signal noise.

2.4. AFM measurements

The measurements of the nanoscale structural heterogeneity of
all the MG samples were performed on the atomic force micro-
scope (AFM, Bruker Dimension ICON) with an advanced PeakForce
Quantitative Nanomechanics (QNM) mode. The applied AFM tip
was silicon with a curvature radius of about 3 nm and a force
constant of about 40 N/m. Before measurements, the calibration
procedure was performed by using a force curve obtained on the
surface of a standard sapphire sample. The sensitivity coefficient
of the AFM tip was determined by the thermal tuning method.
For each sample, the scanning area was set to a square region of
200 nm x 200 nm. QNM adhesion maps were measured at a reso-
lution of 512 x 512 pixels to ensure the accuracy of the experimen-
tal results. To prevent the effect of surface oxidation and air dust
particles, the AFM measurements were conducted on the fresh sur-
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face of the as-cast MG ribbons. Surface topography and adhesive
force images were recorded automatically during the scanning pro-
cedures. It should be noted that the adhesive force was extracted
from the withdrawing part of the measured force curves. The de-
tailed determination method for the adhesive force by AFM Peak-
Force QNM mode can be seen in Refs. [47,49]. All of the AFM mea-
surements were conducted in the ultra-clean room condition with
a temperature of 23 + 1 °C and a relative humidity of 20 %.

3. Results and discussion

In this section, the Fe;35Si;35BgNb3Cuy MG samples with dif-
ferent cooling rates were the representative research objects to be
systematically studied. The detailed experimental results and dis-
cussions for this composition were displayed from part 3.1 to part
3.4. For Feg,SiyB1g and Fe3gCo36B19,Si4gNby MG samples, the cor-
relation between mechanical behaviors and nanoscale structural
heterogeneities will be verified in part 3.5. Finally, in part 3.6, the
physical mechanism of this correlation in MGs will be unveiled.

3.1. Structural characterization for Fe;35Si135BgNb3Cu; MGs

The XRD patterns of three MG samples of Fe;35Sij35BgNbsCuy
are shown in Fig. 1(b) and they clearly display a fully glassy
structure without any crystalline signals. HRTEM was used to fur-
ther confirm the fully amorphous micro-structure of the sam-
ples in Fig. 1(c-e). One can see the completely disordered ar-
rangement of the atoms in HRTEM images and the correspond-
ing halo rings of SAED patterns. For the chemical composition of
Fe;35Si135BgNbsCuy, it is one typical Fe-based soft magnetic MG
system and it can easily transform into the nanocrystalline mate-
rial with nanocrystals under thermal treatments. Thus, it may ap-
pear the phase separation for this composition during the prepara-
tion process. To verify the existence of this possibility, three mag-
nified TEM images were taken from Fig. 1(c-e). It is clear that
there was no phase separation for all three MGs. Meanwhile, the
detailed distributions of different chemical elements for the three
MGs were obtained by electronic differential system (EDS), as dis-
played in Fig. S2(a-c). One can see that the distributions for all
elements are very homogeneous and there is no obvious element
segregation. What is more, by comparing the peak values of the
first amorphous peak for three MG samples in Fig. 1(b), a decrease
in the peak value can be found with the increase in the cooling
rates. This result indicates the atomic packing of the MG sample
becomes looser with the increase in cooling rate. Based on Refs.
[23,27,30,46], the looser atomic packing structure is prone to cause
the formation of multiple SBs and the appearance of ductile defor-
mation behaviors.

3.2. Mechanical deformation modes for Fe;35Si;35BgNb3Cu; MGs

For the micro-pillar compression tests, due to the shape con-
striction from the sample and the compression tip, the microscale
pillar sample is difficult to appear the catastrophic failure just like
the bulk sample. Thus, in this work, a strain of 20 % was cho-
sen to display the deformation behaviors of three MG samples by
compressing the micropillar with a flat indenter at a strain rate of
1 x 1073 571, During tests, the serrated flow behaviors and the av-
erage SB slip velocity Vs can be considered as the standard to sep-
arate different deformation modes [55,56]. For the serrated flow
behaviors, the number of stress drop N(Ao ) corresponding to one
serrated flow event usually exhibits a positive correlation with the
plastic deformation ability. For SB velocity, a slower SB velocity
means a larger resistance to the SB propagation and then usually
displays better plasticity [55,56].
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Fig. 2(a-c) shows the post-deformation surface morphology of
the three glasses and the corresponding stress-strain curves are
also displayed in Fig. 2(d-f). From Fig. 2(a-f), one can clearly see
that the MG samples with different cooling rates exhibit signifi-
cantly different deformation behaviors. For Glass 1, the typical brit-
tle deformation mode accompanied by the formation of only one
single SB takes place and there is no plastic deformation. For Glass
2, several secondary SBs are generated during the compression de-
formation (see Fig. 2(b)). The corresponding compression stress—
strain curve in Fig. 2(e) exhibits several large serrated flows re-
sulting in the appearance of small plastic deformation. For Glass
3, there appears a large number of SBs on the sample surface as
presented in Fig. 2(c). A series of dense and frequent serrated flow
events can be found in the compression stress—strain curve (see
Fig. 2(f)). The numbers of the stress drop during the serrated flows
N(Ao) for three MGs were listed in Table 1.

What is more, based on the observed serrated flow events, the
average SB slip velocity (Vs) can be estimated (the detailed calcula-
tions are shown in Eq. S2 and the experimental results are exhib-
ited in Fig. S3) and also included in Table 1. Although the intrinsic
plastic deformation strain cannot be obtained by the micropillar
compression tests, the yield strength oy can be determined based
on the stress-strain curves in Fig. 2(d-f) and included in Table 1.
To clearly display the cooling rate effect on the deformation be-
haviors, we plotted the evolution of oy, N(Ao), and Vs with the
cooling rate in Fig. 2(g). Clearly, the yield strength decreases from
6.8 GPa for Glass 1 to 3.8 GPa for Glass 3 with the increase of the
cooling rate. This result indicates a softer MG sample can be ob-
tained with a larger cooling rate, which is coincident with Refs.
[23,26]. Moreover, the larger number of SBs on the sample sur-
face, the more frequent serrated flow events and the slower Vi
directly indicate a ductile deformation mode for Glass 3. In con-
trast, there appears a brittle deformation mode for Glass 1 with
fewer SB, fewer serrated flows, and faster Vs. Thus, the above re-
sults show that there appears a deformation mode transition from
brittle to ductile when increasing cooling rates.

It should be noted that the serrated flow behaviors during mi-
cropillar compression tests are actually different from those during
macroscopic compression tests [1,36,37]. Due to the limited micro-
scale size and the fixed down part for the micropillar sample, the
propagation of the SBs formed on the top part of the micropillar
is prone to stop when they contact the compression tip. Then, it
is prone to reload and the micropillar sample reaches the yielding
point again. This leads to the oblique serrated flow events rather
than the normal vertical-like stress drop during macroscopic com-
pression. What is more, it is interesting to find that the apparent
zigzag-like SB pattern is in good agreement with the activation of
multiple main and secondary SBs for Glass 3 in Fig. 2(c). This spe-
cial SB pattern effectively avoids strain localization into one domi-
nant SB and raises the large plastic deformation.

3.3. SB nucleation kinetics for Fez35Si;35B9Nb3Cu; MGs

For the above deformation behavior being dependent on the
cooling rate, the SBs as the main deformation units should appear
a big change with the cooling rates. Different SB behaviors are usu-
ally controlled by the nucleation kinetics including the nucleation
mode, the nucleation site density, and the nucleation rate. In the
below, the detailed information of the SB nucleation kinetics with
the cooling rate will be investigated.

3.3.1. Nucleation processes

Considering that the SB nucleation is stochastic and first pop-in
events during nanoindentation correspond to independent SB nu-
cleation events [34,52,53], the SB nucleation kinetics can be ob-
tained by analyzing the massive independent first pop-in events
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Fig. 2. Surface morphology for the post-deformation micropillar MG samples with different cooling rates: (a) Glass 1, (b) Glass 2, and (c) Glass 3. Micropillar compression
stress-strain curves for MG samples with different cooling rates: (d) Glass 1, (e) Glass 2, and (f) Glass 3. (g) Plot of yield strength o, average SB slip velocity Vs and number
of stress drops for the serrated flows N(Ao') in MG samples with different cooling rates. The black arrow gives the transition from brittle deformation to ductile deformation

with the increase of cooling rates.

Table 1

Data of ribbon thickness §, cooling rate R, Young’s modulus Es, reduced elastic modulus E;, Poisson’s ratio vs, yield strength oy, number of
stress drops for serrated flows N(Ao'), and average SB slip velocity Vs for three Fe-based MG samples with different wheel speeds.

Composition Sample 8 (um)  Rc (x 10° K/s) Es (GPa) E; (GPa) s oy (GPa) N(Ao) Vs (x 10° nm/s)
Fes35Si13sBoNbsCu;  Glass 1 47405 4.5 + 0.1 268 234 0301 73 1 36.9

Glass 2 39+0.5 6.6 + 0.2 260 229 0.302 5.2 5 1.6

Glass 3 31+0.5 10.2 £ 0.1 255 225 0.304 3.8 15 0.6

with the statistically significant data. Fig. 3(a) displays the typi-
cal nanoindentation load and displacement curves with a loading
rate of 0.025 mN/s for MG samples with different cooling rates.
The black arrows point out the first pop-in events during continu-
ous loading. For simplicity, Glass 3 was adopted to display the de-
tailed experimental procedure and analyze the SB nucleation kinet-
ics. Fig. 3(b) shows the scatter plot of the first pop-in load distri-
bution based on about 200 independent nanoindentation tests for
Glass 3. Clearly, the random distribution of the first pop-in loads
verifies the stochastic process of the SB nucleation in MGs.

Then, the cumulative distributions of the first pop-in load for
three MG samples with different cooling rates can be obtained
and shown in Fig. 3(c). One can see that the cumulative distri-
bution of the first pop-in load significantly shifts to a lower load
range with the increasing cooling rate. This result implies an eas-
ier nucleation of the SB under a larger cooling rate [38,52]. Ac-
cording to the results in Fig. 3(c), the probability density functions
of the first pop-in load distribution for MG samples with different
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cooling rates can be determined and shown in Fig. 3(d). It can be
seen that there exists an obvious shoulder on the high-load side
of the peak rather than one typical symmetric Gaussian function
for all three MG samples. In the following sections, the variation
of the nucleation mode, the density of these two SB nucleation
sites, and the nucleation rate with different cooling rates will be
discussed.

3.3.2. Nucleation mode transition

For MGs, the character of bimodal SB nucleation sites is com-
mon and independent of the energy states and the chemical com-
positions. However, different MGs with different compositions or
energies exhibit different SB nucleation behaviors and significantly
distinct mechanical behaviors [34,52,53]. From Fig. 3(d), although
the probability density distributions display a similar asymmetric
character, the asymmetric distributions for the three MG samples
are different considering different shoulder positions. To separate
the dominated nucleation site during SB nucleation, the probabil-
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Fig. 3. (a) Typical nanoindentation load and displacement curves with the loading rate of 0.025 mN/s for MG samples with different cooling rates. The black arrows point
out the first pop-in events during continuous loading. (b) Scatter plot of first pop-in load distribution based on about 200 independent nanoindentation tests for Glass 3.
(c) Comparison of cumulative distributions of first pop-in load for MG samples with different cooling rates. The black arrow gives the increasing trend of the cooling rate.
(d) Three-dimensional probability density functions of first pop-in load distribution for MG samples with different cooling rates. The magenta and green curves stand for
the fitted Gaussian functions corresponding to two different SB nucleation sites. (e) Three-dimensional plot of the site densities for two SB nucleation sites versus load and
cooling rate. (f) Evolution of peak values of the fitted nucleation site density functions for low-load and high-load modes, and the transition load for the governing nucleation

site with cooling rates.

ity density functions of the first pop-in load for three MGs were
fitted by two Gaussian functions in Fig. 3(d). Two well-fitted Gaus-
sian functions directly indicate the existence of two SB nucleation
sites in three MG samples. For simplicity, these two SB nucleation
sites were marked as low-load site and high-load site. Moreover,
one clear SB nucleation mode transition from the dominance of
high-load site to the dominance of low-load site appears when in-
creasing the cooling rate. Our previous work has shown that the
dominance of low-load site during SB nucleation is prone to im-
prove the plastic deformation ability [53]. Here, the high cooling
rate induced SB nucleation mode transition from high-load site to

low-load site is consistent with the above result of the ductile de-
formation for Glass 3 in Fig. 2.
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3.3.3. Nucleation site density

For MGs, the more SB nucleation sites, the more SB forms, and
then the larger the macroscopic plasticity [1,8-10,21,22,52]. Thus,
the SB nucleation site density is the crucial parameter to under-
stand the cooling rate effect on mechanical behaviors. According to
the calculation method of SB nucleation site density based on the
probability density distribution of the first pop-in load [35,52,53],
the evolution of SB nucleation site density with different cooling
rates can be determined and shown in Fig. 3(e). The detailed cal-
culation process can be seen in Section 4 of Supplementary Mate-
rials. From Fig. 3(e), for three MG samples, the total SB nucleation
site density function can be well-fitted with two Gaussian func-
tions corresponding to two SB nucleation sites. What is more, for
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each SB nucleation site, there appears a transition from the low-
load site governing to the high-load site governing as the exter-
nal load increases. This implies that two nucleation sites separately
control different stages during the SB nucleation process.

To quantitatively investigate the cooling rate influence on the
SB nucleation site density, the peak values of the nucleation site
density for two nucleation sites can be determined based on the
results in Fig. 3(e) and shown in Fig. 3(f). Firstly, the peak values
of the nucleation site density for two nucleation sites increase with
the increasing cooling rate. This indicates higher cooling rate in-
duces more SB nucleation sites. Secondly, a faster increase of the
nucleation site can be found at the low-load site rather than the
high-load site. The faster-increasing trend for low-load site means
the nucleation rate behaves a larger sensitivity to the cooling rate
than that of high-load site. In addition, the transition load between
the low-load site and the high-load site was decided and shown
in Fig. 3(f). One can see that the transition load shifts to the high
load range with the increase in the cooling rate. This result implies
that the higher cooling rate enhances the influence of low-load site
within the wider external load range. In other words, more low-
load sites will be activated under a higher cooling rate, which is
beneficial for the improvement of the plasticity in MGs. The above
result is also in line with the deformation behaviors in Fig. 2.

3.3.4. Nucleation rate

In view of the stochastic nucleation character, the SB nucle-
ation rate can be obtained according to the classical nucleation
theory and the Johnson-Samwer cooperative deformation model
[34,52,53]. The detailed calculation process of the SB nucleation
rate can be seen in section 5 of Supplementary Materials. Here,
the variation of the SB nucleation rate with cooling rates is dis-
played in Fig. 4(a-c). Obviously, for all MGs with different cooling
rates, the SB nucleation rate curve is also fitted by two Gaussian
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functions corresponding to two nucleation sites, which are in line
with the bimodal character of the SB nucleation density curve in
Fig. 3(e). By comparing the initial nucleation rate without external
load in Fig. 4(a-c), the nucleation rate displays an ascending trend
as the cooling rate increases. This result implies a faster SB nucle-
ation process for MG prepared by a higher cooling rate.

Moreover, for each nucleation rate curve, when the external
load increases to a critical value, a transition of the governing
nucleation site from the low-load site to the high-load site oc-
curs. The transition load for three MG samples was plotted in
Fig. 4(d). Clearly, the transition load is proportional to the cooling
rate, which is similar to the dependence of the nucleation density
on the cooling rate presented in Fig. 3(e). In addition, the nucle-
ation rate at the transition load was also plotted in Fig. 4(d). A
monotonous increase in the nucleation rate can be found with the
increasing cooling rate. The above results further confirm a positive
influence of the cooling rate on the nucleation and growth of SBs.
Consequently, it can be concluded that a higher cooling rate will
contribute to a larger SB nucleation site density and a faster SB nu-
cleation rate, which therefore results in the formation of multiple
SBs during deformation. This agrees well with the results demon-
strated in Fig. 2.

3.4. Evolution of nanoscale structural heterogeneities with cooling
rates fOT Fe73_55i13_5Bng3Cu1 MGs

3.4.1. Characterization of nanoscale structural heterogeneity

It is accepted that the intrinsic structure of MGs is usually
heterogeneous in view of the asynchronous cooling within dif-
ferent local regions during vitrification. However, due to the lim-
ited experimental instruments, the detailed heterogeneous struc-
ture based on the atomic packing model is still unknown. In con-
trast, the nanoscale viscoelastic properties in the local regions,
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such as the energy dissipation, the elastic modulus, and the ad-
hesive force, seem to be more appropriate to display the intrin-
sic heterogeneous structures for MGs [42-47]. Thus, to investigate
the microscopic structure origin for the cooling rate effect on the
mechanical behaviors, the nanoscale heterogeneous structures with
different cooling rates were characterized below. In this work, we
used the scanning probe microscopy (SPM, AFM QNM mode) with
the direct force curve measurement to detect the nanoscale vis-
coelastic structures under different cooling rates. To exclude the
surface morphology effect on the measurements of the nanoscale
viscoelastic properties, the surface roughness mappings for three
MG samples were conducted. Fig. 5(a) shows the 3D map of the
surface height difference for Glass 3 (The surface roughness infor-
mation of other MGs is given in Fig. S4 of Supplementary Materi-
als). One can clearly see that the surface height differences for all
of three MG samples are within 1 nm and almost mirror-like. This
low roughness makes sure that the surface morphology effect on
the nanoscale viscoelastic measurements can be excluded.

For nanoscale viscoelastic properties, our previous works have
suggested that the adhesive force is a more sensitive parameter
for detecting the structural heterogeneity in MGs [47,49]. Thus,
to more precisely detect the evolution of the structural hetero-
geneities with the cooling rates, the maps of the local adhesive
force at the nanoscale for three MGs were obtained and displayed
in Fig. 5(b-d). Evidently, different from the mirror-like surface to-
pographies, all of the spatial distributions of the local adhesive
force for three MG samples are not homogeneous. There exists
a hierarchical structure consisting of soft regions (high adhesive
force) and hard regions (low adhesive force), which is in confor-
mity with previous reports [47,49]. For simplicity, these soft re-
gions at the nanoscale are marked as liquid-like regions (LLRs) and
the hard ones are marked as solid-like regions (SLRs) [47,49]. By
comparing the scale bar of the adhesive force maps for three MGs,
a positive dependence of the maximum value of the adhesive force
on the cooling rate can be found. This result implies a larger influ-
ence of the cooling rate on the viscoelastic distribution of LLRs.

70

For Glass 1, the hierarchical viscoelastic structure can be consid-
ered as a model in that the LLRs embedded in the elastic matrix
of the SLRs and the LLRs exhibit a small percentage. As to Glass 2,
the percentage of the LLRs among the whole viscoelastic structure
increases and it seems that the SLRs gradually transform into the
LLRs. For Glass 3, the percentage of the LLRs is larger than that of
the SLRs. The hierarchical viscoelastic structure has changed into a
model of the SLRs embedded in the elastic matrix with the LLRs.
In addition, the typical length of the LLRs increases from a few
nanometers in Fig. 5(b) to tens of nanometers in Fig. 5(d) with the
increase of the cooling rates. The larger cooling rate is prone to
the formation of the larger LLRs and the viscoelastic mode tran-
sition appears when the cooling rate increases one critical value.
Thus, the above result indicates that the change in the cooling rate
leads to the transition of the whole viscoelastic mode for MGs.

3.4.2. Quantitative analyses of nanoscale structural heterogeneity

To quantitatively analyze the spatial distribution evolution of
the nanoscale heterogeneous structures with the cooling rates, the
probability density functions of the adhesive force corresponding
to different cooling rates can be obtained based on the results in
Fig. 5(b-d) and shown in Fig. 6(a-c). Clearly, the whole distribu-
tion of the adhesive force shifts into the higher value as the cool-
ing rate increases, which means the softening behavior is induced
by increasing the cooling rate. This result agrees well with the de-
crease of the elastic modulus when increasing the cooling rate in
Fig. 2(d-f). What is more, the range of adhesive force probability
distribution increases when increasing the cooling rate. A wider
range of adhesive force means a more heterogeneous viscoelastic
structure for MG with a higher cooling rate.

On the other hand, for the probability density functions of the
adhesive force in three MGs, there seems a weak asymmetric char-
acter and the detailed fitting curves in Fig. 6(a-c). For all of the
probability density functions for three MGs, it can be well fitted
by two Gaussian functions, which indicates the existence of the
double viscoelastic modes, i.e., the liquid-like and solid-like modes.
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Moreover, for Glass 1, the solid-like mode plays a dominant role in
the whole hierarchical structure. In contrast, the liquid-like mode
governs the whole hierarchical structure in Glass 2 and Glass 3.

To more clearly exhibit the evolution of the hierarchical vis-
coelastic structure with the cooling rate, a diagram of the adhe-
sive force ranges and the peak values of the probability distribu-
tion functions for the experimental data, the solid-like mode and
the liquid-like mode with different cooling rates were displayed in
Fig. 6(d). Firstly, one can clearly see that the adhesive force range
increases from 4.2 nN for Glass 1, 8.3 nN for Glass 2 to 9.0 nN
for Glass 3. A double-times increase in the range for Glass 2 and
Glass 3 appears compared to that of Glass 1. A larger adhesive
force range means a more heterogeneous structure [45,47,49,50].
Secondly, the peak values of the fitted liquid-like mode among the
experimental probability distribution of Glass 2 and Glass 3 are
larger than that of Glass 1. The ratio of liquid-like mode to ex-
perimental adhesion force range increases from 0.78, 0.88 to 0.90,
while the ratio of solid-like mode to experimental adhesion force
range decreases from 0.86, 0.82 to 0.64. The above results show
the transition of the viscoelastic mode from solid-like mode dom-
inance (Glass 1) to liquid-like mode dominance (Glasses 2 and 3).
For the sake of clarity, the dominant viscoelastic mode was marked
by the black dashed rectangles in Fig. 6(d).

Previous researches reported that the nucleation of SBs is
closely related to the evolution of nanoscale LLRs under external
loading [38-41,48,49]. Here, combing with the results of the SB nu-
cleation kinetics with the cooling rate in Figs. 3 and 4, the bimodal
SB nucleation sites of the low-load site and high-load site seem to
be well coincident with the bimodal viscoelastic structures of the
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liquid-like mode and solid-like mode. During deformation, the low-
load nucleation sites with low activated energy are firstly activated
from the LLRs with faster atomic mobility and lower modulus, and
then the high-load nucleation sites will be stimulated from the
SLRs when the applied load increases into one critical load. More-
over, it is interesting to find that the transition of the viscoelastic
mode of the LLRs and SLRs with the cooling rate is in line with the
transition of the deformation mode and the transition of the gov-
erning SB nucleation site. In view of the correspondence between
the SB nucleation site and the viscoelastic structure, the increase
of the percentage of the LLRs with the increase of the cooling rate
will lead to the activation of more potential low-load SB nucleation
sites. And more nucleation sites will arise the formation of more
SBs and lead to slower SB propagation. Finally, the MG displays
the ductile deformation mode. Thus, based on the above results
and discussions, the cooling rate induced the transition of the de-
formation mode is originated from the evolution of the intrinsic
nanoscale structural heterogeneity in MGs.

3.5. Verification of the correlation between nanoscale structural
heterogeneities and deformation mode transition in other two
fe-based MGs

The above results and discussions for Fe;35Sij35BgNb3Cu; MGs
have indicated that it is the nanoscale viscoelastic transition from
solid-like to liquid-like that enables ductile deformation. In order
to verify if this correlation exists in other Fe-based MGs, the me-
chanical behaviors and the nanoscale structural heterogeneities for
Feg,Si;B1g and Fe3gCo36B192SisgNby MG samples with different
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rate induced the nanoscale viscoelastic transition enabling ductile deformation.

cooling rates were investigated. The detailed results of the struc-
tural characterization, mechanical behaviors and the nanoscale
structural heterogeneities for these two MGs can be seen in sec-
tion 7 of Supplementary Materials (See Figs. S5-S11). First, for two
kinds of Fe-MGs with different cooling rates, there appears a simi-
lar transition of the deformation mode from ductile to brittle with
the decrease of the cooling rates (See Figs. S6 and S7). Meanwhile,
for the nanoscale structural heterogeneities, the viscoelastic mode
transition from liquid-like to solid-like takes place with the de-
crease of the cooling rate (See Figs. S8-S11). The critical value of
the cooling rate corresponding to the transition from the ductile
mode to the brittle mode is the same as that of the transition
from the liquid-like mode to the solid-like mode. What is more,
to check the effect of cooling rate with larger differences, the bulk
sample of Fe3gCo3gB192SisgNby MG was prepared and the cool-
ing rate was about three orders of magnitude smaller than those
of the ribbon-like samples (See Table S1). Clearly, the bulk sample
displays the brittle deformation mode and the corresponding vis-
coelastic mode is solid-like, which is consistent with the results
for the ribbon-like samples. Thus, the above results and discus-
sions imply that the correlation between nanoscale structural het-
erogeneities and deformation mode transition does not depend on
the detailed chemical composition of Fe-based MGs and the ap-
plied cooling rate range.

In this work, the correspondence between nanoscale structural
heterogeneities and deformation mode transition was studied for
three Fe-based MGs. Meanwhile, our previous work has reported
that the transition of the SB nucleation mode corresponds to the
ductile to brittle transition during structural relaxation in one Zr-
based MG [53]. Recently, based on this work, we also investigated
the corresponding evolution of the nanoscale structural hetero-
geneities for Zr-based MG. The viscoelastic mode transition from
liquid-like to solid-like was accompanied by the ductile to brit-
tle transition, which is very similar to the cooling rate induced by
the deformation mode transition. Actually, different cooling rates
endow the MGs with different energy states, which is equivalent
to different structural relaxation states. Thus, when we apply for
the proper cooling rate range, the ductile to brittle transition in-
duced by the decrease of the cooling rate should be observed. In
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our recent work, we have carried out the effect of cooling rate on
the mechanical behaviors and nanoscale structural heterogeneities
for this Zr-based MG. And a similar correlation has been found.
The detailed experimental results will be included in our next
manuscript.

3.6. Physical mechanism of the cooling rate effect on the deformation
mode, the sb nucleation kinetics, and the nanoscale structural
heterogeneity

For MGs, the cooling rate effect on the mechanical behaviors
has been explained from the perspective of the relaxation, the en-
ergy state, or the free volume [12,15-19]. Based on the results and
discussions in this work, the change of the cooling rate induced
the deformation mode transition is actually accompanied by the
transition of the SB governing nucleation site. Different from pre-
vious research, the current work found that the nanoscale hetero-
geneous viscoelastic structure appears an obvious change for the
governing viscoelastic mode and the spatial topological distribu-
tion. Moreover, considering that the SB nucleates from the local
viscoelastic regions, that is, the LLRs and SLRs, the double SB nu-
cleation sites actually originate from the LLRs and SLRs. Thus, in
view of the nanoscale structural heterogeneity, the mechanical be-
haviors and the SB nucleation kinetics can be well understood.

To more clearly illustrate the intrinsic correlation between the
macroscopic deformation mode, the SB nucleation kinetics, and
the nanoscale structural heterogeneity, a scheme of the physical
mechanism for the cooling rate effect was proposed and shown in
Fig. 7. According to this physical image, when being in the high-
temperature melt, the mobilities for all of the atoms are very high
and there should be small difference for their mobilities. During
cooling down from the melt, the microscopic regions within the
formed glasses with different cooling rates display different atomic
mobility distributions. The local regions with high and low atomic
mobility correspond to the LLRs and SLRs, respectively. Under ex-
ternal loading, both the LLRs and SLRs can be activated and trans-
formed into the SB nucleation sites. LLRs are prone to produce the
low-load nucleation sites and SLRs are prone to produce the high-
load nucleation sites. Therefore, the MG sample with a high cool-
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ing rate has a higher density of LLRs and then produces more low-
load SB nucleation sites, which arises the formation of multiple SB
and the macroscopic ductile deformation mode. On the contrary,
the MG sample with a low cooling rate has a higher density of
SLRs, and then produces more high-load SB nucleation sites, which
only forms a few SBs and leads to the brittle deformation mode.

Different from the minor change of atomic packing structure
under various external and internal factors, the nanoscale struc-
tural heterogeneities for MGs exhibit an obvious relationship with
physical properties, such as the plastic deformation ability, the re-
laxation mode, and the soft magnetic property [18,46,56,57]. It
seems that these nanoscale structural heterogeneities may be con-
sidered as the basic structural unit to tune the physical proper-
ties. It is similar to the role of point defects or dislocation de-
fects in crystalline materials. Especially, considering that all kinds
of mechanical properties for MGs are related to the nucleation,
the growth, and the propagation of SBs, the direct correlation be-
tween the SB nucleation kinetics and the nanoscale structural het-
erogeneities in this work may mean that the nanoscale structural
heterogeneities can be quantitatively adjusted to design the im-
proved mechanical properties. For example, new ductile MG ma-
terials can be designed by freezing more LLRs during vitrification
via increasing the cooling rate, especially for some intrinsic brittle
systems, such as Fe- and Mg-based MGs.

In addition, the glass-to-liquid transition during heating is usu-
ally considered as the process where a series of the LLRs are first
activated from the solid-like regions and then percolate into large
liquid regions [41]. This behavior is very similar to the formation
of SB under external loading [49]. Thus, the current hierarchical
structure model with bimodal viscoelastic modes may provide a
universal physical picture to understand the key issues in glass
science. It should be noted that the nanoscale LLRs and SLRs de-
tected by SPM display different static viscoelastic properties, such
as the elastic modulus and the adhesive force. In contrast, the dy-
namic viscoelastic parameters, such as the activation energy spec-
trum for different heterogeneities should be more important con-
sidering that the LLRs and SLRs will evolve under different stim-
uli [41]. Recently, Song et al. [58] reported the universal expo-
nential relaxation spectrum and there exists a series of relaxation
units in glasses. In view of the hierarchical spatial distribution of
the nanoscale structural heterogeneities in Fig. 5, the reported re-
laxation units may correspond to these nanoscale structural het-
erogeneities with different viscoelastic properties. The information
on the activation energy spectrum for different structural hetero-
geneities will be of great importance for understanding the glass
transition and complex relaxation, which will be our research fo-
cus in the future.

4. Conclusions

In conclusion, we systematically investigated the evolution of
nanoscale viscoelastic structure, micro-scale SB nucleation kinetics,
and macroscopic deformation mode with different cooling rates
in three Fe-based MGs. It was found that the larger cooling rate
makes the MGs behave the ductile deformation accompanying the
formation of multiple SBs. Meanwhile, with the increase of the
cooling rate, the SB nucleation mode changes from the high load
mode into the low load mode and the viscoelastic mode changes
from the solid-like mode to the liquid-like mode. It is surprising
to find that three transitions for macroscopic deformation mode,
microscale SB nucleation kinetics, and nanoscale viscoelastic mode
with the cooling rate are synchronous. These results not only re-
veal the microscopic structural origin of the cooling rate effect
on the macroscopic deformation behaviors, but also provide en-
lightenment for the improvement of the plastic deformation abil-
ity by introducing more LLRs to proliferate more SB nucleation
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sites. More importantly, the current work may inspire researchers
to develop new MG materials with improved mechanical proper-
ties by regulating nanoscale heterogeneous structure rather than
the atomic packing structure.
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