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a b s t r a c t 

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 

governing shear band nucleation site from high load site to low load site appears the synchronous tran- 

sition. By studying the corresponding nanoscale heterogeneous structure, it was found that nanoscale 

viscoelastic transition from solid-like to liquid-like as increasing cooling rate enables ductile deformation. 

The current work not only reveals the nanoscale structural origin of the cooling rate effect on the de- 

formation behaviors, but also provides a new route to design ductile metallic glasses by freezing more 

nanoscale liquid-like regions during cooling. 

© 2024 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 

1

o

h

s

c

T

t

d

s

l

l

p

t  

t

W

a

i

j

d

v

l

h

m

d

t

c

t

o

2

c

i

h

1

. Introduction 

Due to the unique atomic structure without long-range peri- 

dicity and the metallic bonding, metallic glasses (MGs) have ex- 

ibited a series of superior mechanical and functional properties, 

uch as ultra-high strength, large fracture toughness, extraordinary 

atalytic properties, and superior soft magnetic properties [1–5] . 

hese excellent physical properties make MGs have great poten- 

ial in areas of aerospace, material molding, electric and electronic 

evices, and green hydrogen energy [1–5] . Especially, Fe-based 

oft magnetic MGs with higher saturation magnetic induction and 

ower core loss have become one of the best candidates for wire- 

ess charging, 5th-generation technology, and the next-generation 

ower transformer core, which have received considerable atten- 

ion [ 6 , 7 ]. On the other hand, as one type of metastable material,

he glass structure and the mechanical properties of MGs are easily 
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ffected by various internal and external factors, such as the chem- 

cal composition, the cooling rate, the thermal history, and the re- 

uvenation treatment [ 8–14 ]. Among these factors, the cooling rate 

uring materials preparation was thought to play a key role in the 

itrification of MGs and the related dynamic behaviors of the re- 

axations, the crystallization, and the mechanical deformation be- 

aviors [ 10 , 11 , 15–17 ]. For example, different cooling rates usually 

ake Fe-based MGs display various nanocrystalline products with 

istinct soft magnetic properties. Lower cooling rates actually lead 

o embrittlement behavior and it seriously restrains their practi- 

al applications [ 18 , 19 ]. Although many experiments and simula- 

ion effort s have been made to investigate the cooling rate effect 

n the atomic structure and the mechanical properties in MGs [20–

5] , the physical mechanism for the cooling rate effect is still un- 

lear due to the unknown atomic structure [26–30] . Therefore, it 

s critical to clarify the structural essence behind the cooling rate 

nd build the bridge between the microscopic structure and the 

eformation behaviors of MGs. 

For traditional crystalline alloy materials, the mechanical de- 

ormation behaviors are usually determined by the atomic scale, 

anoscale, or micro-scale structural defects, such as the point de- 
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ects, the dislocations, and the grain boundaries [ 31 , 32 ]. In con-

rast, the carrier for the deformation behaviors in MGs is thought 

s the shear bands (SBs). The nucleation, propagation, and in- 

eraction of SBs directly lead to various deformation behaviors 

nder external loading [ 1 , 33–36 ]. The thickness of SBs for vari-

us MG systems is about 10–20 nm and there exists one huge 

cale gap with the atomic packing structure [ 37 , 38 ]. To bridge the

anoscale SBs with the atomic structure, many researchers pro- 

osed a series of theoretical models, such as the shear transfor- 

ation zone (STZ) model, the free volume model, and the flow 

nit model [39–41] . To some extent, these models can give semi- 

uantitative explanations for some mechanical deformation behav- 

ors and the qualitative physical picture for tuning the mechani- 

al properties of MGs [1] . However, there is no quantitative model 

o connect the atomic structure with the nanoscale SB nucleation 

nd the macroscopic deformation behaviors. On the other hand, a 

reat deal of experimental researches showed that the viscoelastic 

tructure of MGs at the nanoscale is not homogeneous. There ex- 

st two distinct viscoelastic modes of liquid-like and solid-like in 

arious MGs [42–47] . The nanoscale liquid-like local regions with 

ow modulus, low viscosity, and high atomic mobility have been 

erified to be the microscopic structural origin for the nucleation 

f SBs [ 38 , 4 8 , 4 9 ]. In addition, these nanoscale liquid-like regions

ave been suggested as the preferred sites that initiate the nu- 

leation and crystallization, and the microscopic structure origin 

f the multiple relaxation processes [ 42 , 50 , 51 ]. These nanoscale

iquid-like regions are similar to the structural defects in crystalline 

aterials. It should be noted that, compared to the minor change 

f the atomic structure with distinct cooling rates, both the macro- 

copic physical properties and the nanoscale structural heterogene- 

ty in MGs display a large and synchronous change [ 42 , 50 , 51 ]. This

onsistent change may imply that the nanoscale structural het- 

rogeneities rather than the atomic packing structure are more 

losely related to the mechanical deformation behaviors. Thus, the 

anoscale structural heterogeneities may provide a new perspec- 

ive to uncover the physical mechanism of the cooling rate on the 

echanical deformation behaviors in MGs. 

In this work, to clarify the nanoscale structural origin of the 

ooling rate effect on the deformation behaviors, we specially se- 

ected three Fe-based MGs with great application potential as the 

esearch objects. The evolution of nanoscale structural heterogene- 

ty, SB nucleation kinetics, and deformation behaviors with differ- 

nt cooling rates were systematically studied. Micropillar compres- 

ion tests were conducted to determine the mechanical deforma- 

ion behaviors with different cooling rates. The experimental strat- 

gy based on the nanoindentation tests [ 34 , 52 , 53 ] was applied to

btain information on SB nucleation kinetics including the nucle- 

tion site type, the nucleation site density, and the nucleation rate 

orresponding to different cooling rates. Static force microscopy 

SFM) was used to detect the evolution of the nanoscale structural 

eterogeneities with different cooling rates. Finally, one physical 

cheme was proposed to illustrate the cooling rate effect and the 

ntrinsic relationship of the nanoscale structural heterogeneity, the 

icroscale SB nucleation behaviors, and the macroscopic deforma- 

ion mode in MGs. 

. Experimental setup 

.1. Sample preparation and structural characterization 

The ingots with the nominal chemical compositions of 

e73.5 Si13.5 B9 Nb3 Cu1 , Fe82 Si2 B16 , and Fe36 Co36 B19.2 Si4.8 Nb4 were 

repared by induction melting the mixture of pure Fe, Si, B, Nb, 

o, and Cu with 99.9% purity in a high-purity argon atmosphere. 

o ensure chemical homogeneity, all of the ingots were re-melted 

t least six times. Then, the obtained ingots were cut into sev- 
64
ral small pieces for the following procedures. For different Fe- 

ased MGs, different samples were prepared by different fabrica- 

ion methods. For Fe73.5 Si13.5 B9 Nb3 Cu1 , three different ribbon-like 

amples were prepared by single-roller melt spinning on a cop- 

er wheel with tangential speeds of 35, 40, and 45 m/s, respec- 

ively. The detailed fabrication process can be seen in the inserted 

cheme of Fig. 1 (a). The ribbon-like samples corresponding to cop- 

er wheel speeds of 35, 40, and 45 m/s are marked as Glass 1, 

lass 2, and Glass 3, respectively. The dimensions for the ribbon- 

ike samples corresponding to the copper wheel speeds of 35, 40, 

nd 45 m/s are 2 m × 2 mm × 47 μm, 2 m × 2 mm × 39 μm,

nd 2 m × 2 mm × 31 μm (length × width × thickness). Based 

n the method of estimating the cooling rate of amorphous alloys 

roposed by Lin and Johnson [54] (the detailed calculation process 

an be seen in part 1 of Supplementary Materials), the correspond- 

ng cooling rates of the above ribbon samples were calculated to be 

4.5 ± 0.1) × 105 , (6.6 ± 0.2) × 105 , and (10.2 ± 0.1) × 105 K/s for 

opper wheel speeds of 35, 40, and 45 m/s. 

Similarly, for Fe82 Si2 B16 , the melt spinning method was ap- 

lied and the applied wheel speeds were 30, 40, and 50 m/s. 

he corresponding ribbon samples are labeled as Glass 4, Glass 

, and Glass 6. The dimensions for these ribbon-like samples cor- 

esponding to the copper wheel speeds of 30, 40, and 50 m/s 

re 2 m × 2 mm × 65 μm, 2 m × 2 mm × 35 μm, and

 m × 2 mm × 20 μm (length × width × thickness). The 

orresponding cooling rates of the above ribbon samples were 

2.4 ± 0.1) × 105 , (8.2 ± 0.3) × 105 , and (25.1 ± 1.2) × 105 K/s. 

or Fe36 Co36 B19.2 Si4.8 Nb4 , the ribbon-like and bulk samples were 

repared by the melt spinning and copper mould suction casting 

ethods. For bulk sample, one plate sample with the dimensions 

f 2 mm × 4 mm × 60 mm was obtained and was marked as 

lass 7. For ribbon-like sample, the copper wheel speeds of 30 

nd 60 m/s were applied and the corresponding samples were 

arked as Glass 8 and Glass 9. For Glasses 7, 8, and 9, the cor-

esponding cooling rates were 2.5 × 102 , (3.5 ± 0.1) × 105 and 

16.1 ± 0.6) × 105 K/s. The detailed results of the sample di- 

ensions and the calculated cooling rates were included in Table 

1 of Supplementary Materials. The glassy nature of the above- 

repared samples was verified by X-ray diffraction (XRD, Bruker 

8 Advance, Cu- Kα) and high-resolution transmission electron mi- 

roscopy (HRTEM, Talos F200x). 

.2. Mechanical measurements 

For ribbon-like samples with microscale thickness, the tradi- 

ional mechanical measurement methods, such as compression, 

ension, and three-point bending tests, are not effective in char- 

cterizing the intrinsic mechanical deformation behaviors. In con- 

rast, the micro-pillar compression test is a suitable and sensitive 

xperimental tool to detect the evolution of the deformation be- 

aviors with the cooling rate. Columnar samples for micro-pillar 

ompression tests were fabricated from the as-cast ribbon-like MG 

amples by a focused ion beam system (FIB, FEI Helios-G4-CX). For 

ulk samples, to confirm the uniform experimental conditions, the 

icropillar samples of the same size were also prepared by FIB. To 

inimize the effect of FIB irradiation on the as-cast samples, the 

onsecutive annular milling procedure with decreasing beam cur- 

ents was applied. The detailed steps are: Firstly, one rough cutting 

s made with a high ion beam current of 9.3 nA. Secondly, grind 

ut a groove that leaves an island in the center of the sample by 

n ion beam current of 2.5 nA. Finally, the micropillar samples are 

abricated by gradually reducing the ion beam current to 0.79 nA. 

he dimensions for all of the fabricated micropillar samples are 

bout 1 μm in diameter and 2–2.5 μm in height (the height-to- 

iameter ratio is between 2:1 and 2.5:1). 
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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. 
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Micropillar compression tests were carried out on a Hysitron 

I980 nanoindenter (Bruker) under the displacement-controlled 

ode at room temperature. The applied compression tip was the 

iamond flat punch indenter (TI-0145). The nominal stress was de- 

ned by the compressive load divided by the area of the top end 

f micropillars. The nominal strain was the ratio of displacement 

o sample height. For all compression tests, the allowed thermal 

rift is less than 0.05 nm/s and the strain rate is controlled at 

 × 10–3 s–1 . To ensure the reproducibility of the experimental re- 

ults, at least three micropillar samples for each cooling rate were 

repared. To detect the change of surface morphology induced by 

ompression deformation, the morphology of all of the micropillar 

amples before and after compression tests was characterized by a 

ouble-beam scanning electron microscope (FEI Helios-G4-CX). 

.3. Nanoindentation tests 

Before nanoindentation tests, all of the ribbon-like MG sam- 

les corresponding to three cooling rates were first cut into sev- 

ral small pieces with a length of about 2 cm. Then, they were 

ounted into different rubber molds by mixing epoxy hardener 

nd epoxy resin for at least 12 h. Finally, all mounted samples were 

rogressively polished with diamond abrasive films of 20, 10, 5, 2, 

, and 0.5 μm. To ensure that the surface of the polished samples 

s a smooth plane without scratches, the polished samples were 

bserved through a metallographic microscope (Axio Observer 5). 

eanwhile, to exclude the effect of the surface residual stress on 

he nanoindentation tests, all of the polished samples were held 
65
t room temperature for at least three weeks before the following 

ests. 

Nanoindentation tests were performed on a KLA G200 nanoin- 

enter equipped with a Berkovich tip. The curvature radius of the 

pplied tip is about 100 nm. All tests were performed with the 

oad-controlling mode with a loading rate of 0.025 mN/s. For each 

ample, a rectangular matrix containing more than 200 points was 

ested to ensure that the obtained data were statistically signifi- 

ant. To prevent the possible overlapping of strain fields between 

he neighboring indentations, each of the indentations was sepa- 

ated by a lateral distance of 20 μm. The maximum drift rate for 

ll tests was controlled under 0.05 nm/s to ensure low signal noise. 

.4. AFM measurements 

The measurements of the nanoscale structural heterogeneity of 

ll the MG samples were performed on the atomic force micro- 

cope (AFM, Bruker Dimension ICON) with an advanced PeakForce 

uantitative Nanomechanics (QNM) mode. The applied AFM tip 

as silicon with a curvature radius of about 3 nm and a force 

onstant of about 40 N/m. Before measurements, the calibration 

rocedure was performed by using a force curve obtained on the 

urface of a standard sapphire sample. The sensitivity coefficient 

f the AFM tip was determined by the thermal tuning method. 

or each sample, the scanning area was set to a square region of 

00 nm × 200 nm. QNM adhesion maps were measured at a reso- 

ution of 512 × 512 pixels to ensure the accuracy of the experimen- 

al results. To prevent the effect of surface oxidation and air dust 

articles, the AFM measurements were conducted on the fresh sur- 
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ace of the as-cast MG ribbons. Surface topography and adhesive 

orce images were recorded automatically during the scanning pro- 

edures. It should be noted that the adhesive force was extracted 

rom the withdrawing part of the measured force curves. The de- 

ailed determination method for the adhesive force by AFM Peak- 

orce QNM mode can be seen in Refs. [ 47 , 49 ]. All of the AFM mea-

urements were conducted in the ultra-clean room condition with 

 temperature of 23 ± 1 °C and a relative humidity of 20 %. 

. Results and discussion 

In this section, the Fe73.5 Si13.5 B9 Nb3 Cu1 MG samples with dif- 

erent cooling rates were the representative research objects to be 

ystematically studied. The detailed experimental results and dis- 

ussions for this composition were displayed from part 3.1 to part 

.4. For Fe82 Si2 B16 and Fe36 Co36 B19.2 Si4.8 Nb4 MG samples, the cor- 

elation between mechanical behaviors and nanoscale structural 

eterogeneities will be verified in part 3.5. Finally, in part 3.6, the 

hysical mechanism of this correlation in MGs will be unveiled. 

.1. Structural characterization for Fe73.5 Si13.5 B9 Nb3 Cu1 MGs 

The XRD patterns of three MG samples of Fe73.5 Si13.5 B9 Nb3 Cu1 

re shown in Fig. 1 (b) and they clearly display a fully glassy 

tructure without any crystalline signals. HRTEM was used to fur- 

her confirm the fully amorphous micro-structure of the sam- 

les in Fig. 1 (c–e). One can see the completely disordered ar- 

angement of the atoms in HRTEM images and the correspond- 

ng halo rings of SAED patterns. For the chemical composition of 

e73.5 Si13.5 B9 Nb3 Cu1 , it is one typical Fe-based soft magnetic MG 

ystem and it can easily transform into the nanocrystalline mate- 

ial with nanocrystals under thermal treatments. Thus, it may ap- 

ear the phase separation for this composition during the prepara- 

ion process. To verify the existence of this possibility, three mag- 

ified TEM images were taken from Fig. 1 (c–e). It is clear that 

here was no phase separation for all three MGs. Meanwhile, the 

etailed distributions of different chemical elements for the three 

Gs were obtained by electronic differential system (EDS), as dis- 

layed in Fig. S2(a–c). One can see that the distributions for all 

lements are very homogeneous and there is no obvious element 

egregation. What is more, by comparing the peak values of the 

rst amorphous peak for three MG samples in Fig. 1 (b), a decrease 

n the peak value can be found with the increase in the cooling 

ates. This result indicates the atomic packing of the MG sample 

ecomes looser with the increase in cooling rate. Based on Refs. 

 23 , 27 , 30 , 46 ], the looser atomic packing structure is prone to cause

he formation of multiple SBs and the appearance of ductile defor- 

ation behaviors. 

.2. Mechanical deformation modes for Fe73.5 Si13.5 B9 Nb3 Cu1 MGs 

For the micro-pillar compression tests, due to the shape con- 

triction from the sample and the compression tip, the microscale 

illar sample is difficult to appear the catastrophic failure just like 

he bulk sample. Thus, in this work, a strain of 20 % was cho- 

en to display the deformation behaviors of three MG samples by 

ompressing the micropillar with a flat indenter at a strain rate of 

 × 10–3 s–1 . During tests, the serrated flow behaviors and the av- 

rage SB slip velocity Vs can be considered as the standard to sep- 

rate different deformation modes [ 55 , 56 ]. For the serrated flow 

ehaviors, the number of stress drop N ( �σ ) corresponding to one 

errated flow event usually exhibits a positive correlation with the 

lastic deformation ability. For SB velocity, a slower SB velocity 

eans a larger resistance to the SB propagation and then usually 

isplays better plasticity [ 55 , 56 ]. 
66
Fig. 2 (a–c) shows the post-deformation surface morphology of 

he three glasses and the corresponding stress–strain curves are 

lso displayed in Fig. 2 (d–f). From Fig. 2 (a–f), one can clearly see 

hat the MG samples with different cooling rates exhibit signifi- 

antly different deformation behaviors. For Glass 1, the typical brit- 

le deformation mode accompanied by the formation of only one 

ingle SB takes place and there is no plastic deformation. For Glass 

, several secondary SBs are generated during the compression de- 

ormation (see Fig. 2 (b)). The corresponding compression stress–

train curve in Fig. 2 (e) exhibits several large serrated flows re- 

ulting in the appearance of small plastic deformation. For Glass 

, there appears a large number of SBs on the sample surface as 

resented in Fig. 2 (c). A series of dense and frequent serrated flow 

vents can be found in the compression stress–strain curve (see 

ig. 2 (f)). The numbers of the stress drop during the serrated flows 

 ( �σ ) for three MGs were listed in Table 1 . 

What is more, based on the observed serrated flow events, the 

verage SB slip velocity ( Vs ) can be estimated (the detailed calcula- 

ions are shown in Eq. S2 and the experimental results are exhib- 

ted in Fig. S3) and also included in Table 1 . Although the intrinsic

lastic deformation strain cannot be obtained by the micropillar 

ompression tests, the yield strength σ y can be determined based 

n the stress-strain curves in Fig. 2 (d–f) and included in Table 1 .

o clearly display the cooling rate effect on the deformation be- 

aviors, we plotted the evolution of σ y , N ( �σ ), and Vs with the 

ooling rate in Fig. 2 (g). Clearly, the yield strength decreases from 

.8 GPa for Glass 1 to 3.8 GPa for Glass 3 with the increase of the

ooling rate. This result indicates a softer MG sample can be ob- 

ained with a larger cooling rate, which is coincident with Refs. 

 23 , 26 ]. Moreover, the larger number of SBs on the sample sur-

ace, the more frequent serrated flow events and the slower Vs 

irectly indicate a ductile deformation mode for Glass 3. In con- 

rast, there appears a brittle deformation mode for Glass 1 with 

ewer SB, fewer serrated flows, and faster Vs . Thus, the above re- 

ults show that there appears a deformation mode transition from 

rittle to ductile when increasing cooling rates. 

It should be noted that the serrated flow behaviors during mi- 

ropillar compression tests are actually different from those during 

acroscopic compression tests [ 1 , 36 , 37 ]. Due to the limited micro-

cale size and the fixed down part for the micropillar sample, the 

ropagation of the SBs formed on the top part of the micropillar 

s prone to stop when they contact the compression tip. Then, it 

s prone to reload and the micropillar sample reaches the yielding 

oint again. This leads to the oblique serrated flow events rather 

han the normal vertical-like stress drop during macroscopic com- 

ression. What is more, it is interesting to find that the apparent 

igzag-like SB pattern is in good agreement with the activation of 

ultiple main and secondary SBs for Glass 3 in Fig. 2 (c). This spe-

ial SB pattern effectively avoids strain localization into one domi- 

ant SB and raises the large plastic deformation. 

.3. SB nucleation kinetics for Fe73.5 Si13.5 B9 Nb3 Cu1 MGs 

For the above deformation behavior being dependent on the 

ooling rate, the SBs as the main deformation units should appear 

 big change with the cooling rates. Different SB behaviors are usu- 

lly controlled by the nucleation kinetics including the nucleation 

ode, the nucleation site density, and the nucleation rate. In the 

elow, the detailed information of the SB nucleation kinetics with 

he cooling rate will be investigated. 

.3.1. Nucleation processes 

Considering that the SB nucleation is stochastic and first pop-in 

vents during nanoindentation correspond to independent SB nu- 

leation events [ 34 , 52 , 53 ], the SB nucleation kinetics can be ob-

ained 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 σ y , average SB slip velocity Vs and number 

of stress drops for the serrated flows N ( �σ ) 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 δ, cooling rate Rc , Young’s modulus Es , reduced elastic modulus Er , Poisson’s ratio νs , yield strength σ y , number of 

stress drops for serrated flows N ( �σ ), and average SB slip velocity Vs for three Fe-based MG samples with different wheel speeds. 

Composition Sample δ ( μm) Rc ( × 105 K/s) Es (GPa) Er (GPa) νs σ y (GPa) N ( �σ ) Vs ( × 103 nm/s) 

Fe73.5 Si13.5 B9 Nb3 Cu1 Glass 1 47 ±0.5 4.5 ± 0.1 268 234 0.301 7.3 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 
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ith the statistically significant data. Fig. 3 (a) displays the typi- 

al nanoindentation load and displacement curves with a loading 

ate of 0.025 mN/s for MG samples with different cooling rates. 

he black arrows point out the first pop-in events during continu- 

us loading. For simplicity, Glass 3 was adopted to display the de- 

ailed experimental procedure and analyze the SB nucleation kinet- 

cs. Fig. 3 (b) shows the scatter plot of the first pop-in load distri- 

ution based on about 200 independent nanoindentation tests for 

lass 3. Clearly, the random distribution of the first pop-in loads 

erifies the stochastic process of the SB nucleation in MGs. 

Then, the cumulative distributions of the first pop-in load for 

hree MG samples with different cooling rates can be obtained 

nd shown in Fig. 3 (c). One can see that the cumulative distri- 

ution of the first pop-in load significantly shifts to a lower load 

ange with the increasing cooling rate. This result implies an eas- 

er nucleation of the SB under a larger cooling rate [ 38 , 52 ]. Ac-

ording to the results in Fig. 3 (c), the probability density functions 

f the first pop-in load distribution for MG samples with different 
67
ooling rates can be determined and shown in Fig. 3 (d). It can be

een that there exists an obvious shoulder on the high-load side 

f the peak rather than one typical symmetric Gaussian function 

or all three MG samples. In the following sections, the variation 

f the nucleation mode, the density of these two SB nucleation 

ites, and the nucleation rate with different cooling rates will be 

iscussed. 

.3.2. Nucleation mode transition 

For MGs, the character of bimodal SB nucleation sites is com- 

on and independent of the energy states and the chemical com- 

ositions. However, different MGs with different compositions or 

nergies exhibit different SB nucleation behaviors and significantly 

istinct mechanical behaviors [ 34 , 52 , 53 ]. From Fig. 3 (d), although

he probability density distributions display a similar asymmetric 

haracter, the asymmetric distributions for the three MG samples 

re different considering different shoulder positions. To separate 

he 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. 
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ty density functions of the first pop-in load for three MGs were 

tted by two Gaussian functions in Fig. 3 (d). Two well-fitted Gaus- 

ian functions directly indicate the existence of two SB nucleation 

ites in three MG samples. For simplicity, these two SB nucleation 

ites were marked as low-load site and high-load site. Moreover, 

ne clear SB nucleation mode transition from the dominance of 

igh-load site to the dominance of low-load site appears when in- 

reasing the cooling rate. Our previous work has shown that the 

ominance of low-load site during SB nucleation is prone to im- 

rove the plastic deformation ability [53] . Here, the high cooling 

ate induced SB nucleation mode transition from high-load site to 

ow-load site is consistent with the above result of the ductile de- 

ormation for Glass 3 in Fig. 2 . 
68
.3.3. Nucleation site density 

For MGs, the more SB nucleation sites, the more SB forms, and 

hen the larger the macroscopic plasticity [ 1 , 8–10 , 21 , 22 , 52 ]. Thus,

he SB nucleation site density is the crucial parameter to under- 

tand the cooling rate effect on mechanical behaviors. According to 

he calculation method of SB nucleation site density based on the 

robability density distribution of the first pop-in load [ 35 , 52 , 53 ],

he evolution of SB nucleation site density with different cooling 

ates can be determined and shown in Fig. 3 (e). The detailed cal- 

ulation process can be seen in Section 4 of Supplementary Mate- 

ials. From Fig. 3 (e), for three MG samples, the total SB nucleation 

ite density function can be well-fitted with two Gaussian func- 

ions corresponding to two SB nucleation sites. What is more, for 
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Fig. 4. Evolution of SB nucleation rate with load for MG samples with different cooling rates: (a) Glass 1 with low cooling rate, (b) Glass 2 with medium cooling rate, (c) 

Glass 3 with high cooling rate. The magenta and green curves are the fitted curves corresponding to low-load and high-load SB nucleation sites, respectively. (d) Evolution 

of nucleation rate and load at the SB nucleation mode transition point with cooling rates. 
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ach SB nucleation site, there appears a transition from the low- 

oad site governing to the high-load site governing as the exter- 

al load increases. This implies that two nucleation sites separately 

ontrol different stages during the SB nucleation process. 

To quantitatively investigate the cooling rate influence on the 

B nucleation site density, the peak values of the nucleation site 

ensity for two nucleation sites can be determined based on the 

esults in Fig. 3 (e) and shown in Fig. 3 (f). Firstly, the peak values

f the nucleation site density for two nucleation sites increase with 

he increasing cooling rate. This indicates higher cooling rate in- 

uces more SB nucleation sites. Secondly, a faster increase of the 

ucleation site can be found at the low-load site rather than the 

igh-load site. The faster-increasing trend for low-load site means 

he nucleation rate behaves a larger sensitivity to the cooling rate 

han that of high-load site. In addition, the transition load between 

he low-load site and the high-load site was decided and shown 

n Fig. 3 (f). One can see that the transition load shifts to the high

oad range with the increase in the cooling rate. This result implies 

hat the higher cooling rate enhances the influence of low-load site 

ithin the wider external load range. In other words, more low- 

oad sites will be activated under a higher cooling rate, which is 

eneficial for the improvement of the plasticity in MGs. The above 

esult is also in line with the deformation behaviors in Fig. 2 . 

.3.4. Nucleation rate 

In view of the stochastic nucleation character, the SB nucle- 

tion rate can be obtained according to the classical nucleation 

heory and the Johnson–Samwer cooperative deformation model 

 34 , 52 , 53 ]. The detailed calculation process of the SB nucleation

ate can be seen in section 5 of Supplementary Materials. Here, 

he variation of the SB nucleation rate with cooling rates is dis- 

layed in Fig. 4 (a–c). Obviously, for all MGs with different cooling 

ates, the SB nucleation rate curve is also fitted by two Gaussian 
69
unctions corresponding to two nucleation sites, which are in line 

ith the bimodal character of the SB nucleation density curve in 

ig. 3 (e). By comparing the initial nucleation rate without external 

oad in Fig. 4 (a–c), the nucleation rate displays an ascending trend 

s the cooling rate increases. This result implies a faster SB nucle- 

tion process for MG prepared by a higher cooling rate. 

Moreover, for each nucleation rate curve, when the external 

oad increases to a critical value, a transition of the governing 

ucleation site from the low-load site to the high-load site oc- 

urs. The transition load for three MG samples was plotted in 

ig. 4 (d). Clearly, the transition load is proportional to the cooling 

ate, which is similar to the dependence of the nucleation density 

n the cooling rate presented in Fig. 3 (e). In addition, the nucle- 

tion rate at the transition load was also plotted in Fig. 4 (d). A 

onotonous increase in the nucleation rate can be found with the 

ncreasing cooling rate. The above results further confirm a positive 

nfluence of the cooling rate on the nucleation and growth of SBs. 

onsequently, it can be concluded that a higher cooling rate will 

ontribute to a larger SB nucleation site density and a faster SB nu- 

leation rate, which therefore results in the formation of multiple 

Bs during deformation. This agrees well with the results demon- 

trated in Fig. 2 . 

.4. Evolution of nanoscale structural heterogeneities with cooling 

ates for Fe73.5 Si13.5 B9 Nb3 Cu1 MGs 

.4.1. Characterization of nanoscale structural heterogeneity 

It is accepted that the intrinsic structure of MGs is usually 

eterogeneous in view of the asynchronous cooling within dif- 

erent local regions during vitrification. However, due to the lim- 

ted experimental instruments, the detailed heterogeneous struc- 

ure based on the atomic packing model is still unknown. In con- 

rast, the nanoscale viscoelastic properties in the local regions, 
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Fig. 5. (a) Three-dimensional surface topography of Glass 3 with high cooling rate. Two-dimensional spatial distributions of the local adhesive force for MG samples with 

different cooling rates: (b) Glass 1 with low cooling rate, (c) Glass 2 with medium cooling rate, (d) Glass 3 with high cooling rate. 
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uch as the energy dissipation, the elastic modulus, and the ad- 

esive force, seem to be more appropriate to display the intrin- 

ic heterogeneous structures for MGs [42–47] . Thus, to investigate 

he microscopic structure origin for the cooling rate effect on the 

echanical behaviors, the nanoscale heterogeneous structures with 

ifferent cooling rates were characterized below. In this work, we 

sed the scanning probe microscopy (SPM, AFM QNM mode) with 

he direct force curve measurement to detect the nanoscale vis- 

oelastic structures under different cooling rates. To exclude the 

urface morphology effect on the measurements of the nanoscale 

iscoelastic properties, the surface roughness mappings for three 

G samples were conducted. Fig. 5 (a) shows the 3D map of the 

urface height difference for Glass 3 (The surface roughness infor- 

ation of other MGs is given in Fig. S4 of Supplementary Materi- 

ls). One can clearly see that the surface height differences for all 

f three MG samples are within 1 nm and almost mirror-like. This 

ow roughness makes sure that the surface morphology effect on 

he nanoscale viscoelastic measurements can be excluded. 

For nanoscale viscoelastic properties, our previous works have 

uggested that the adhesive force is a more sensitive parameter 

or detecting the structural heterogeneity in MGs [ 47 , 49 ]. Thus, 

o more precisely detect the evolution of the structural hetero- 

eneities with the cooling rates, the maps of the local adhesive 

orce at the nanoscale for three MGs were obtained and displayed 

n Fig. 5 (b–d). Evidently, different from the mirror-like surface to- 

ographies, all of the spatial distributions of the local adhesive 

orce for three MG samples are not homogeneous. There exists 

 hierarchical structure consisting of soft regions (high adhesive 

orce) and hard regions (low adhesive force), which is in confor- 

ity with previous reports [ 47 , 49 ]. For simplicity, these soft re-

ions at the nanoscale are marked as liquid-like regions (LLRs) and 

he hard ones are marked as solid-like regions (SLRs) [ 47 , 49 ]. By

omparing the scale bar of the adhesive force maps for three MGs, 

 positive dependence of the maximum value of the adhesive force 

n the cooling rate can be found. This result implies a larger influ- 

nce of the cooling rate on the viscoelastic distribution of LLRs. 
70
For Glass 1, the hierarchical viscoelastic structure can be consid- 

red as a model in that the LLRs embedded in the elastic matrix 

f the SLRs and the LLRs exhibit a small percentage. As to Glass 2, 

he percentage of the LLRs among the whole viscoelastic structure 

ncreases and it seems that the SLRs gradually transform into the 

LRs. For Glass 3, the percentage of the LLRs is larger than that of 

he SLRs. The hierarchical viscoelastic structure has changed into a 

odel of the SLRs embedded in the elastic matrix with the LLRs. 

n addition, the typical length of the LLRs increases from a few 

anometers in Fig. 5 (b) to tens of nanometers in Fig. 5 (d) with the

ncrease of the cooling rates. The larger cooling rate is prone to 

he formation of the larger LLRs and the viscoelastic mode tran- 

ition appears when the cooling rate increases one critical value. 

hus, the above result indicates that the change in the cooling rate 

eads to the transition of the whole viscoelastic mode for MGs. 

.4.2. Quantitative analyses of nanoscale structural heterogeneity 

To quantitatively analyze the spatial distribution evolution of 

he nanoscale heterogeneous structures with the cooling rates, the 

robability density functions of the adhesive force corresponding 

o different cooling rates can be obtained based on the results in 

ig. 5 (b–d) and shown in Fig. 6 (a–c). Clearly, the whole distribu- 

ion of the adhesive force shifts into the higher value as the cool- 

ng rate increases, which means the softening behavior is induced 

y increasing the cooling rate. This result agrees well with the de- 

rease of the elastic modulus when increasing the cooling rate in 

ig. 2 (d–f). What is more, the range of adhesive force probability 

istribution increases when increasing the cooling rate. A wider 

ange of adhesive force means a more heterogeneous viscoelastic 

tructure for MG with a higher cooling rate. 

On the other hand, for the probability density functions of the 

dhesive force in three MGs, there seems a weak asymmetric char- 

cter and the detailed fitting curves in Fig. 6 (a–c). For all of the 

robability density functions for three MGs, it can be well fitted 

y two Gaussian functions, which indicates the existence of the 

ouble viscoelastic modes, i.e., the liquid-like and solid-like modes. 
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Fig. 6. Plots of the probability density distribution of the local adhesive force for MG samples with different cooling rates: (a) Glass 1 with low cooling rate, (b) Glass 2 

with medium cooling rate, (c) Glass 3 with high cooling rate. The magenta and green curves stand for the fitted Gaussian functions corresponding to the liquid-like and 

solid-like viscoelastic modes, respectively. (d) Diagram of the adhesive force range of experimental data, the solid-like mode (S.M.), and the liquid-like mode (L.M.) for MG 

samples with different cooling rates. The black star points give the peak position of the probability density functions in (a–c). The black dashed rectangles mark the dominant 

viscoelastic mode for the experimental adhesive force distributions. 
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oreover, for Glass 1, the solid-like mode plays a dominant role in 

he whole hierarchical structure. In contrast, the liquid-like mode 

overns the whole hierarchical structure in Glass 2 and Glass 3. 

To more clearly exhibit the evolution of the hierarchical vis- 

oelastic structure with the cooling rate, a diagram of the adhe- 

ive force ranges and the peak values of the probability distribu- 

ion functions for the experimental data, the solid-like mode and 

he liquid-like mode with different cooling rates were displayed in 

ig. 6 (d). Firstly, one can clearly see that the adhesive force range 

ncreases from 4.2 nN for Glass 1, 8.3 nN for Glass 2 to 9.0 nN

or Glass 3. A double-times increase in the range for Glass 2 and 

lass 3 appears compared to that of Glass 1. A larger adhesive 

orce range means a more heterogeneous structure [ 45 , 47 , 49 , 50 ].

econdly, the peak values of the fitted liquid-like mode among the 

xperimental probability distribution of Glass 2 and Glass 3 are 

arger than that of Glass 1. The ratio of liquid-like mode to ex- 

erimental adhesion force range increases from 0.78, 0.88 to 0.90, 

hile the ratio of solid-like mode to experimental adhesion force 

ange decreases from 0.86, 0.82 to 0.64. The above results show 

he transition of the viscoelastic mode from solid-like mode dom- 

nance (Glass 1) to liquid-like mode dominance (Glasses 2 and 3). 

or the sake of clarity, the dominant viscoelastic mode was marked 

y the black dashed rectangles in Fig. 6 (d). 

Previous researches reported that the nucleation of SBs is 

losely related to the evolution of nanoscale LLRs under external 

oading [ 38–41 , 4 8 , 4 9 ]. Here, combing with the results of the SB nu-

leation kinetics with the cooling rate in Figs. 3 and 4 , the bimodal

B nucleation sites of the low-load site and high-load site seem to 

e well coincident with the bimodal viscoelastic structures of the 
F

71
iquid-like mode and solid-like mode. During deformation, the low- 

oad nucleation sites with low activated energy are firstly activated 

rom the LLRs with faster atomic mobility and lower modulus, and 

hen the high-load nucleation sites will be stimulated from the 

LRs when the applied load increases into one critical load. More- 

ver, it is interesting to find that the transition of the viscoelastic 

ode of the LLRs and SLRs with the cooling rate is in line with the

ransition of the deformation mode and the transition of the gov- 

rning SB nucleation site. In view of the correspondence between 

he SB nucleation site and the viscoelastic structure, the increase 

f the percentage of the LLRs with the increase of the cooling rate 

ill lead to the activation of more potential low-load SB nucleation 

ites. And more nucleation sites will arise the formation of more 

Bs and lead to slower SB propagation. Finally, the MG displays 

he ductile deformation mode. Thus, based on the above results 

nd discussions, the cooling rate induced the transition of the de- 

ormation mode is originated from the evolution of the intrinsic 

anoscale structural heterogeneity in MGs. 

.5. Verification of the correlation between nanoscale structural 

eterogeneities and deformation mode transition in other two 

e-based MGs 

The above results and discussions for Fe73.5 Si13.5 B9 Nb3 Cu1 MGs 

ave indicated that it is the nanoscale viscoelastic transition from 

olid-like to liquid-like that enables ductile deformation. In order 

o verify if this correlation exists in other Fe-based MGs, the me- 

hanical behaviors and the nanoscale structural heterogeneities for 

e82 Si2 B16 and Fe36 Co36 B19.2 Si4.8 Nb4 MG samples with different 



C.B. Jin, Y.Z. Wu, J.N. Wang et al. Journal of Materials Science & Technology 194 (2024) 63–74

Fig. 7. Physical mechanism of cooling rate effect on the nanoscale heterogeneous structure, the microscale SB nucleation kinetics, and the deformation mode. High cooling 

rate induced the nanoscale viscoelastic transition enabling ductile deformation. 
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ooling rates were investigated. The detailed results of the struc- 

ural characterization, mechanical behaviors and the nanoscale 

tructural heterogeneities for these two MGs can be seen in sec- 

ion 7 of Supplementary Materials (See Figs. S5–S11). First, for two 

inds of Fe-MGs with different cooling rates, there appears a simi- 

ar transition of the deformation mode from ductile to brittle with 

he decrease of the cooling rates (See Figs. S6 and S7). Meanwhile, 

or the nanoscale structural heterogeneities, the viscoelastic mode 

ransition from liquid-like to solid-like takes place with the de- 

rease of the cooling rate (See Figs. S8–S11). The critical value of 

he cooling rate corresponding to the transition from the ductile 

ode to the brittle mode is the same as that of the transition 

rom the liquid-like mode to the solid-like mode. What is more, 

o check the effect of cooling rate with larger differences, the bulk 

ample of Fe36 Co36 B19.2 Si4.8 Nb4 MG was prepared and the cool- 

ng rate was about three orders of magnitude smaller than those 

f the ribbon-like samples (See Table S1). Clearly, the bulk sample 

isplays the brittle deformation mode and the corresponding vis- 

oelastic mode is solid-like, which is consistent with the results 

or the ribbon-like samples. Thus, the above results and discus- 

ions imply that the correlation between nanoscale structural het- 

rogeneities and deformation mode transition does not depend on 

he detailed chemical composition of Fe-based MGs and the ap- 

lied cooling rate range. 

In this work, the correspondence between nanoscale structural 

eterogeneities and deformation mode transition was studied for 

hree Fe-based MGs. Meanwhile, our previous work has reported 

hat the transition of the SB nucleation mode corresponds to the 

uctile to brittle transition during structural relaxation in one Zr- 

ased MG [53] . Recently, based on this work, we also investigated 

he corresponding evolution of the nanoscale structural hetero- 

eneities for Zr-based MG. The viscoelastic mode transition from 

iquid-like to solid-like was accompanied by the ductile to brit- 

le transition, which is very similar to the cooling rate induced by 

he deformation mode transition. Actually, different cooling rates 

ndow the MGs with different energy states, which is equivalent 

o different structural relaxation states. Thus, when we apply for 

he proper cooling rate range, the ductile to brittle transition in- 

uced by the decrease of the cooling rate should be observed. In 
72
ur recent work, we have carried out the effect of cooling rate on 

he mechanical behaviors and nanoscale structural heterogeneities 

or this Zr-based MG. And a similar correlation has been found. 

he detailed experimental results will be included in our next 

anuscript. 

.6. Physical mechanism of the cooling rate effect on the deformation 

ode, the sb nucleation kinetics, and the nanoscale structural 

eterogeneity 

For MGs, the cooling rate effect on the mechanical behaviors 

as been explained from the perspective of the relaxation, the en- 

rgy state, or the free volume [ 12 , 15–19 ]. Based on the results and

iscussions in this work, the change of the cooling rate induced 

he deformation mode transition is actually accompanied by the 

ransition of the SB governing nucleation site. Different from pre- 

ious research, the current work found that the nanoscale hetero- 

eneous viscoelastic structure appears an obvious change for the 

overning viscoelastic mode and the spatial topological distribu- 

ion. Moreover, considering that the SB nucleates from the local 

iscoelastic regions, that is, the LLRs and SLRs, the double SB nu- 

leation sites actually originate from the LLRs and SLRs. Thus, in 

iew of the nanoscale structural heterogeneity, the mechanical be- 

aviors and the SB nucleation kinetics can be well understood. 

To more clearly illustrate the intrinsic correlation between the 

acroscopic deformation mode, the SB nucleation kinetics, and 

he nanoscale structural heterogeneity, a scheme of the physical 

echanism for the cooling rate effect was proposed and shown in 

ig. 7 . According to this physical image, when being in the high- 

emperature melt, the mobilities for all of the atoms are very high 

nd there should be small difference for their mobilities. During 

ooling down from the melt, the microscopic regions within the 

ormed glasses with different cooling rates display different atomic 

obility distributions. The local regions with high and low atomic 

obility correspond to the LLRs and SLRs, respectively. Under ex- 

ernal loading, both the LLRs and SLRs can be activated and trans- 

ormed into the SB nucleation sites. LLRs are prone to produce the 

ow-load nucleation sites and SLRs are prone to produce the high- 

oad nucleation sites. Therefore, the MG sample with a high cool- 
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ng rate has a higher density of LLRs and then produces more low- 

oad SB nucleation sites, which arises the formation of multiple SB 

nd the macroscopic ductile deformation mode. On the contrary, 

he MG sample with a low cooling rate has a higher density of 

LRs, and then produces more high-load SB nucleation sites, which 

nly forms a few SBs and leads to the brittle deformation mode. 

Different from the minor change of atomic packing structure 

nder various external and internal factors, the nanoscale struc- 

ural heterogeneities for MGs exhibit an obvious relationship with 

hysical properties, such as the plastic deformation ability, the re- 

axation mode, and the soft magnetic property [ 18 , 46 , 56 , 57 ]. It

eems that these nanoscale structural heterogeneities may be con- 

idered as the basic structural unit to tune the physical proper- 

ies. It is similar to the role of point defects or dislocation de- 

ects in crystalline materials. Especially, considering that all kinds 

f mechanical properties for MGs are related to the nucleation, 

he growth, and the propagation of SBs, the direct correlation be- 

ween the SB nucleation kinetics and the nanoscale structural het- 

rogeneities in this work may mean that the nanoscale structural 

eterogeneities can be quantitatively adjusted to design the im- 

roved mechanical properties. For example, new ductile MG ma- 

erials can be designed by freezing more LLRs during vitrification 

ia increasing the cooling rate, especially for some intrinsic brittle 

ystems, such as Fe- and Mg-based MGs. 

In addition, the glass-to-liquid transition during heating is usu- 

lly considered as the process where a series of the LLRs are first 

ctivated from the solid-like regions and then percolate into large 

iquid regions [41] . This behavior is very similar to the formation 

f SB under external loading [49] . Thus, the current hierarchical 

tructure model with bimodal viscoelastic modes may provide a 

niversal physical picture to understand the key issues in glass 

cience. It should be noted that the nanoscale LLRs and SLRs de- 

ected by SPM display different static viscoelastic properties, such 

s the elastic modulus and the adhesive force. In contrast, the dy- 

amic viscoelastic parameters, such as the activation energy spec- 

rum for different heterogeneities should be more important con- 

idering that the LLRs and SLRs will evolve under different stim- 

li [41] . Recently, Song et al. [58] reported the universal expo- 

ential relaxation spectrum and there exists a series of relaxation 

nits in glasses. In view of the hierarchical spatial distribution of 

he nanoscale structural heterogeneities in Fig. 5 , the reported re- 

axation units may correspond to these nanoscale structural het- 

rogeneities with different viscoelastic properties. The information 

n the activation energy spectrum for different structural hetero- 

eneities will be of great importance for understanding the glass 

ransition and complex relaxation, which will be our research fo- 

us in the future. 

. Conclusions 

In conclusion, we systematically investigated the evolution of 

anoscale viscoelastic structure, micro-scale SB nucleation kinetics, 

nd macroscopic deformation mode with different cooling rates 

n three Fe-based MGs. It was found that the larger cooling rate 

akes the MGs behave the ductile deformation accompanying the 

ormation of multiple SBs. Meanwhile, with the increase of the 

ooling rate, the SB nucleation mode changes from the high load 

ode into the low load mode and the viscoelastic mode changes 

rom the solid-like mode to the liquid-like mode. It is surprising 

o find that three transitions for macroscopic deformation mode, 

icroscale SB nucleation kinetics, and nanoscale viscoelastic mode 

ith the cooling rate are synchronous. These results not only re- 

eal the microscopic structural origin of the cooling rate effect 

n the macroscopic deformation behaviors, but also provide en- 

ightenment for the improvement of the plastic deformation abil- 

ty by introducing more LLRs to proliferate more SB nucleation 
73
ites. More importantly, the current work may inspire researchers 

o develop new MG materials with improved mechanical proper- 

ies by regulating nanoscale heterogeneous structure rather than 

he atomic packing structure. 
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