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Nucleation of shear bands is of critical importance in the deformation behaviors of metallic 

glasses, but the detailed examination of nucleation kinetics and the correlation with the 

structure and relaxation kinetics has been few. Here, based upon instrumented 

nanoindentation with spherical indenter and a great deal of the observed first pop-in events, 

one unique trimodal distribution of shear band nucleation events in a Gd-based metallic glass 

was reported. Four different loading rates were employed to study the evolution of the 

nucleation distribution with external loading. In the analyses of nucleation kinetics, the site 

density, nucleation rate and activation barrier for three nucleation events were obtained based 

on the cooperative deformation model, which clearly display the trimodal character. The 

discovery of a trimodal shear band nucleation distribution provides new insights for 

understanding the relationship between the heterogeneous structure, relaxation kinetics and 

deformation mechanism and opportunities for controlling the ductility of amorphous alloys. 
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1. Introduction 

    Metallic glasses (MGs) are of great importance in condensed matter physics, materials 

science and engineering because of their unique structural features and outstanding 

mechanical, physical and chemical properties [1-4]. As one new member of amorphous 

materials, One of the enduring attractions of MGs is their interesting and impressive suite of 

mechanical properties, such as ultrahigh specific strength, ultrahigh hardness, large elastic 

strain limit, high fracture toughness and unique thermoplastic deformation ability arising 

from the unique atomic structure without long-range periodic packing order and variable 

chemical composition [5-8]. However, upon straining at low temperatures (around and lower 

than the glass transition temperature), MGs usually display a limited macroscopic plastic 

deformation ability that is accommodated by localized inhomogeneous flow leading to 

catastrophic fracture, which is the major obstacle for their structural applications [5]. 

Different from the traditional crystalline alloys that the plastic deformation can be well 

understood in terms of the generation and motion of dislocation [9-10], the initiation, 

propagation and interaction of shear bands (SBs) are mainly considered as being responsible 

for deformation behaviors in MGs [5, 11-12]. The nucleation of SBs in MGs represents the 

initial plastic yielding and induces a highly localized plastic flow, thus strain softening [5, 

11-12]. On the microscopic scale, the nucleation of SBs in MGs is governed by the activation 

of shear transformation zones (STZs) that represent a localized atomic arrangement and then 

these STZs percolate, self-organize, and develop into SBs [13-15]. A large plastic 

deformation level is always accompanied by many SBs whereas for brittle failure only a few 

SBs are active [12]. Therefore, the easy initiation of SBs appears to be one of the most 

important factors for large plastic deformability. However, the detailed examination of the SB 

nucleation kinetics, such as the nucleation rates, the activation barrier and the nucleation site 

density, and the relationship with the intrinsic structure in MGs has received only limited 

study [16-18].  

For MGs, under an external stress, the initial mechanical response involves local 

yielding of localized regions (called shear transformation zones, STZs) comprising tens of 
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atoms that undergo a local structural transformation [5]. Thus, these initial STZs are 

considered as the nucleation sites for the nucleation and formation of SBs. On the other hand, 

although the atomic structure for MGs is still under study, many experimental results indicate 

that MGs are not completely homogeneous at the nanoscale, and there exist viscoelastic 

defects (also termed as liquid-like regions, weak bonded regions) within the elastic matrix, 

which exhibit a low modulus, low viscosity and high atomic mobility [19-21]. As the 

potential nucleation sites of SBs, the STZs are considered to structurally originate from these 

nanoscale liquid-like regions and different heterogeneous structures lead to different 

macroscopic mechanical behaviors [15, 22]. Moreover, recent researches reported that a 

broad spectrum of STZs with a broad range of activation energies exists in MGs and some 

STZs can even show early activation at a low stress range corresponding to the purely elastic 

deformation [22-23]. Thus, the potential activated nucleation sites (STZs) are critical for 

understanding the plastic deformation mechanism in MGs. Meanwhile, it has been reported 

that there exists one-to-one correspondence between the characteristic relaxation response in 

terms of the secondary β and faster relaxations and the activated STZs in MGs, which are 

also closely related to the spatial heterogeneities [24-28]. On this basis, it is hypothesized that 

the types of SB nucleation sites would be related to the types of characteristic relaxation 

behavior. Thus, considering the various relaxation behaviors and the heterogeneous structure 

in MGs [19-21, 29-32], it is expected that there can be multiple rather than a single type of 

SB nucleation site. Meanwhile, the nucleation process of SBs is a stochastic process 

considering the random production, annihilation and coalescence of STZs, which is difficult 

to systematically study by traditional mechanical instruments [5, 15]. Recently, an effective 

strategy based on the nanoindentation testing was proposed and applied to reveal the bimodal 

distribution of stochastic SB nucleation events that operate at different stress levels in MGs 

[33-39]. Based on this strategy, many researchers found that the SB nucleation sites in MGs 

are bimodal rather than the current view of a single type of site, which is closely related to the 

local structural heterogeneity [33-39]. In the present work, this approach is applied to explore 

the possible relation between SB nucleation and relaxation behavior for a ductile Gd-based 

MG that exhibits three relaxation modes α, β and β’  [5, 30, 40] by measuring a series of first 
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pop-in events. By statistically analyzing the probability distributions of first pop-in load and 

length with the loading rate of 0.01 mN/s, we found a unique trimodal distribution of SB 

nucleation sites in this Gd-based MG for the first time. The distributions of first pop-in events 

for other loading rates also exhibit the similar trimodal character. Finally, the detailed 

nucleation kinetics including the nucleation sites density, nucleation rate and activation 

barrier for three nucleation events were determined based on the nucleation theory formalism. 

2. Experimental methods 

The ingot with the nominal composition of Gd55Co25Al 20 was prepared by arc melting 

pure elements and then was remelted five times to ensure homogeneity. The resulting ingot 

was cast into a copper mold with cyclic cooling water to produce several rod-like samples 

with the dimensions of 3 × 15 mm (Diameter × Length). The amorphous nature of the 

samples was confirmed by X-ray diffraction (XRD, Bruker D8 Discovery) and diamond DSC 

(Perkin Elmer) measurement. A PerkinElmer Diamond DSC instrument was also used to 

characterize the thermodynamic properties. The elastic properties (the Young’s modulus, the 

shear modulus, the bulk modulus and Poisson’s ratio) were measured by MATEC 6600 

ultrasonic system.  

The dynamical mechanical properties of the Gd55Co25Al20 MG sample were measured 

on a TA Instruments RSA III dynamical mechanical analyzer (DMA) in a nitrogen-flushed 

atmosphere. The activation energy spectrum including the fast β′ relaxation, slow β relaxation 

and α relaxation was characterized by the dynamical mechanical properties of the rod-like 

sample with discrete testing frequency of 1, 2, 4, 8, and 16 Hz. 

    For nanoindentation tests, the rod-like samples were cut into several thin slices with 

thickness of about 1 mm. All slices are first mounted into the rubber mold by mixing the 

epoxy hardener and epoxy resin and then cured for 12 hours. All mounted samples were 

progressively polished with diamond abrasive films of 30, 15, 6, 3, 1, 0.5 and 0.1 μm. After 

the initial mechanical polishing, to further obtain a mirror surface with nano-scale roughness, 

we applied an additional final polishing stage using colloidal silica (one chemo-mechanical 
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polish procedure, and it combines the effect of mechanical polishing with etching). Finally, to 

further exclude the effect of the surface residual stress on the nanoindentation tests, all of the 

above polished samples were held at room temperature for at least three weeks to relax the 

surface residual stress. 

To detect the first pop-in events (corresponding to SB nucleation), a series of the 

nanoindentation tests during loading were conducted on a Hysitron TI950 (Bruker) 

nanoindenter equipped with a spherical tip (the effective radius of the tip is about 1.10 μm). 

All tests were conducted in a load-controlling mode at four constant loading rates of 0.01, 

0.05, 0.2 and 1 mN/s. For each loading rate, more than 200 repeats were performed to ensure 

that the results are statistically significant. To prevent the possible overlapping of strain fields 

between the neighboring indentations, we designed a 20 µm spacing distance between the 

neighboring loading points within the rectangular matrix.  

3. Results and discussions 

3.1. Characterization of thermodynamic and dynamic properties for Gd55Co25Al20 MG 

Fig. 1(a) displays a typical heat flow curve for Gd55Co25Al20 MG and the glass transition 

and the following primary crystallization take place during heating. The detailed values of the 

thermodynamic properties such as the glass transition temperature and primary crystallization 

temperature are listed in Table 1. The inserted XRD plot verifies the amorphous nature for 

the as-cast sample. Fig. 1(b) shows the loss modulus with the increase of the temperature for 

Gd55Co25Al 20 MG samples and the applied DMA frequency and the heating rate is 1 Hz and 5 

K/min, respectively. It is evident that the curve of the loss modulus and temperature exhibits 

three distinct peaks within the testing temperature range: The main α relaxation peak 

corresponding to the glass transition appears at 616 K and the following secondary β 

relaxation takes place at 476 K; before α relaxation and β relaxation, there exists the third 

relaxation event at a lower temperature of 279 K (called the fast β’  relaxation), which are 

consistent with the previous research [30]. The inserted plot of Fig. 1(b) gives the evolution 

of the temperature peaks (Tβ and Tβ′) corresponding to β’  relaxation and β relaxation with 
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different frequencies f. One can see that both of the temperature peaks for β’  relaxation and β 

relaxation shift to higher temperatures with the increase of the applied frequency. Thus, the 

activation energies of β relaxation and β′ relaxation (Eβ and Eβ′) can be calculated based on 

the Arrhenius equation (ln��� = ��	
��	� + �
� ��

�� ). And the detailed values of Eβ and Eβ′ 

are also listed in Table 1. 

3.2. Statistical analysis of the load and length of first pop-in events with the loading rate of 

0.01 mN/s 

    A typical nanoindentation load-displacement curve with a loading rate �� of 0.01 mN/s 

is shown in Fig. 2(a). For nanoindentation, the materials initially follow an elastic Hertzian 

response, as marked by the red curve in Fig. 2(a). The termination of the elastic response is 

indicated by a pop-in event where there appears a sudden increase in displacement at a 

constant load marked by blue dashed circle in Fig. 2(a). Previous research has confirmed that 

the first pop-in event corresponds to the initiation of a SB [33]. Thus, to investigate the SB 

nucleation kinetics of Gd-based MG, we focus on these first pop-in events. Based on about 

200 individual nanoindentation measurements in one sample, the distributions of the load and 

the length of the first pop-in events are separately shown in Fig. 2(b) and Fig. 2(c). It is 

evident that there is no systematic drift over the whole test course and the data is uncorrelated, 

which indicates that SB nucleation is a stochastic process [32-33]. Then, the cumulative 

distribution and probability distribution of the first pop-in load and length can be obtained in 

Fig. 2(d) and the insertions of Fig. 2(d). From Fig. 2(d), it is obvious that the probability 

distributions for the first pop-in load and length display three peaks, which indicates that 

there exists multiple SB nucleation events. For the statistical analysis of the experimental data, 

the obtained probability distribution function can be fitted by a Gaussian function or the 

Weibull function [33-35, 37]. First, the probability distributions of the first pop-in load and 

length can be well fitted by three Gaussian functions, which clearly displays a trimodal 

behavior. What is more, the fitting results by two and four Gaussian functions were also 

conducted and were shown in Figs. S1(a)-S1(f) of Supplementary Materials. It is evident that 
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the fitting results by three Gaussian functions are the best and the values of the R-square error 

are 0.99, which confirms the trimodal nature of SB sites in Gd-based MG. Secondly, we 

applied the Weibull functions to fit the experimental data and the detailed fitting results can 

be seen in Figs. S2(a)-S2(h) of Supplementary Materials. From Figs. S2(a)-S2(b) and 

S2(e)-S2(f), the use of only one and two Weibull functions cannot fit the experimental results 

well (the standard error are 0.53 and 0.84, 0.62 and 0.82,). In contrast, the probability 

distributions can be well fitted by three Weibull functions, as shown in Figs. S2(c) and S2(g). 

Moreover, we can see that four Weibull functions cannot give better fitting results in Figs. 

S2(d) and S2(h). Thus, from the above analyses and results, the probability distributions for 

the first pop-in length and load can be well fitted by three Gaussian or Weibull functions, 

which displays the trimodal character of SB nucleation. Each Gaussian or Weibull function 

represents one nucleation site and there actually exist three different SB nucleation sites in 

the Gd-based MG. Due to the equivalence of fit to the distribution data by the Gaussian and 

Weibull functions, the following discussion is based upon the use of the Gaussian function 

analysis. The corresponding nucleation sites are named site A (low-load mode), B 

(medium-load mode) and C (high-load mode), respectively. To clearly display the trimodal 

character of the SB nucleation events, a three-dimensional probability distribution map and 

the corresponding two-dimensional probability distribution projection of the load and length 

at first pop-in events are exhibited in the upper and lower parts of Fig. 3. Three maxima of 

the probability distribution for SB nucleation events can be identified from Fig. 3. 

3.3. Loading rate effect on the probability distribution of first pop-in events load and length 

To examine the loading rate effect on SB nucleation, additional three loading rates of 

0.05, 0.2 and 1 mN/s were applied, and the corresponding cumulative density distributions 

are plotted in Fig. 4(a). A clear shift of the distributions to higher load range can be observed 

when the loading rate increases from 0.01 mN/s to1 mN/s, which is consistent with the 

previous research [34]. From Fig. 4(a), the corresponding three-dimensional probability 

density distributions can be obtained and are shown in Fig. 4(b). For all loading rates, the 

probability density curves can be clearly decomposed into three Gaussian functions 
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corresponding to the three nucleation events in Fig. 4(b). Based on the distribution spectra in 

Fig. 4(b), the load peak value pm evolution of the probability density with loading rates for 

each nucleation site can be obtained and is shown in Fig. 4(c). With the increase of loading 

rate, it is evident that the peak load values for all three sites increase, which indicates that the 

activation loads for all three nucleation sites increase with the loading rate. Moreover, by 

fitting the linear empirical equation of �� = � + �log ���� , the values of the loading rate 

sensitivity factor b can be calculated as shown in the insertion of Fig. 4(c). The low-load site 

A exhibits the highest loading rate sensitivity and the high-load site C has the lowest loading 

rate sensitivity. To further display the evolution paths with load and loading rate for three 

nucleation sites, a map of the governing nucleation site can be plotted by obtaining the 

transition loads from site A to site B (blue empty squares) and from site B to site C (red 

empty circles) in Fig. 4(b), as shown in Fig. 4(d). The low-load site A lies in lower right 

region with the low load and high loading rate, and the high-load site C controls the low 

loading rate and high load region, which is consistent with the above evolution of the 

probability density for three nucleation sites in Fig. 4(b). It is worthwhile noting that in 

previous work a bimodal distribution of first pop-in events was observed in four different 

MGs during nanoindentation with a 5 µm spherical indenter radius and a loading rate of 0.07 

mN/s [37]. Similar bimodal distributions were reported by Wang and Perepezko [33] on two 

MGs with an indenter radius of 2.5 µm and the loading rate ranging from 0.05 to 2 mN/s and 

by Zhao et al [36] on eight MGs with an indenter radius of 2 µm and loading rates between 

1.1 and 4.76 mN/s. The tendency for the development of a bimodal distribution of pop-in 

events has been attributed to the use of a large radius indenter and high loading rates [37]. 

However, in the current work the indenter radius employed was 1.1 µm and the loading rate 

ranges from 0.01 to 1.0 mN/s, which are smaller than those used in previous studies. Thus, 

the development of a trimodal distribution of first pop-in events is not consistent with the 

claim that the multimodal distributions are favored by large indenter radius and high loading 

rates, which indicates that the multimodal distributions of SB nucleation behaviors may be a 

universal character in MGs.  

Jo
urn

al 
Pre-

pro
of



9 

 

3.4. SB nucleation kinetics analyses-site density 

For MGs, under external loading, the potential SB nucleation sites can be activated and 

then these activated SB nucleation sites cooperate together and form into the SB. For the 

formation of SB, one physical scheme was proposed and was shown in Fig. 5(a). For the SB 

nucleation kinetics in MGs, the nucleation site density is a critical parameter that determines 

the final density of the SBs governing the macroscopic plasticity, and the transition of the 

deformation mechanism between inhomogeneous deformation and homogeneous flow [5]. 

Thus, it is necessary to investigate the evolution of the nucleation site density for three 

nucleation sites with external load. Here, for simplicity, it is assumed that the activated 

nucleation sites are randomly distributed in the deformed volume Vdef. For the deformation 

volume at an external load under the nanoindenter tip, it usually follows the minimum criteria 

for a pop-in event. And the site density m is the ratio of the number of density and the 

deformed volume under nanoindenter. Thus, the nucleation site probability X can be 

expressed by [5] 

� = 1 − exp�−� !"#�                            (1),  

The value of Vdef is usually taken as about 1%Vdis, where Vdis is the volume displaced beneath 

the spherical nanoindenter [32-33]. The Vdis can be taken as 

                        !$% = &
' [3 *+,-�./

�'�0- 1� 2⁄ + +,-
�'�0-�.]                       (2),  

where P is the external load, Ri is the radius of the spherical nanoindenter, Er is the reduced 

elastic modulus, 56 = �7�.
�.��897-�:�7��89.-� [32-33] (the detailed values can be seen in Table 1). 

For the experimental values of X, the values for the low-load, medium load and high-load 

mode are determined based on the fraction of the total nucleation events with a given load in 

the previous fitted probability distribution curves with three peaks in Fig. 4(b). Thus, the 

detailed site densities of low-load, medium load and high-load modes can be obtained by 
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� = − �
;.;�=

>[2?@A-B./
C>D0- E

C F⁄
: @A-

C>D0-B.]
ln�1 − ��                    (3). 

Based upon the trimodal probability density functions in Fig. 4(b), an independent evaluation 

of the nucleation site density for each loading rate can be derived in Fig. 5(b). From Fig. 5(b), 

all of the nucleation site density curves for all four loading rates can be decomposed into 

three Gaussian functions corresponding to three nucleation sites, which is similar to the 

probability density curves in Fig. 4(b). What is more, one can see that three nucleation sites 

display the maximum site density within different load ranges in Fig. 5(b). This result directly 

indicates that three nucleation sites control the nucleation process within different load ranges 

during continuous nanoindentation loading, which is consistent with the results in Fig. 4(d). 

3.5. SB nucleation kinetics analyses-Nucleation rate and nucleation barrier 

    The nucleation rate and the activation barrier with external load for different loading 

rates can be obtained based on the Johnson-Samwer cooperative deformation model [14]. In 

order to extract the nucleation rate from the experimental first pop-in distributions, we 

introduced the kernel density corresponding to the experimental probability density function 

(f(t)). Then, by integrating the fitted curve f (t) from the experimental data, one can calculate 

the cumulative distribution function F(t). Based on the obtained probability and cumulative 

functions f (t) and F(t), the statistically probability function called hazard rate function λ(t) 

can be expressed as λ(t) = f (t) /(1 - F). The hazard function λ(t) indicates that a specimen can 

survive up until time t during one SB nucleation event. Finally, the nucleation rate J is 

directly related to the hazard function by J = λ/Vdef, where Vdef is the deformation volume at a 

given load and is about 0.01Vdis (Vdis can be seen by Eq. (2)). Thus, under four loading rates, 

the detailed SB nucleation rate for three nucleation sites can be obtained and be shown in Fig. 

6.  

Based on the cooperative shear deformation model proposed by W. L. Johnson and K. 

Samwer [14], considering that the SB nucleation can be considered as an activation process 

by the external load, the nucleation rate J can be expressed as 
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G = Hexp *− IJ�K�∗
M� 1                         (4) 

where ΔW(τ)* is the activation barrier for SB nucleation and it is a function of the shear stress 

τ; H is the frequency constant and it is the product of an atomic jump frequency (for MGs, it 

can be taken as 1013 s-1) and the nucleation site density. Thus, from Eq. (4), we can get 

NO�P�∗/RS = ln�H/G�                          (5) 

Then, based on the calculated nucleation rates in Fig. 6, we can determine the activation 

barriers for different loading rates, as shown in Fig. 7. From the insertion of Fig. 6(a), the 

resultant nucleation rate for 0.05 mN/s as a function of load can be separated into three 

discrete curves corresponding to three nucleation sites. The same analysis can be conducted 

for the other three loading rates and the similar results were also exhibited in Figs. 6(b)-6(d). 

Then, from Fig. 7(a), the resultant activation barrier W/kT (at room temperature 300 K) for 

0.05 mN/s as a function of load can be obtained and shown in the insertion of Fig. 7(a). This 

curve can also be separated into three discrete curves corresponding to three nucleation sites. 

Meanwhile, for different nucleation sites, with the increase of the external load, the activation 

barriers for all sites display the descending trend. Similarly, the analyses for the other three 

loading rates are also conducted, as shown in Figs. 7(b)-7(d). It has been reported that the 

plastic flow in MGs can be considered as the consequence of stress-induced glass transition 

and the effect of the external stress is to reduce the apparent activation energy barrier in the 

local energy landscape and to reduce viscosity, thereby changing a glass into a liquid [14, 42]. 

Thus, the activation of the SB nucleation sites can be considered as a local stress-induced 

glass transition event and the activation energy should decrease with the increase of load, 

which is consistent with our results.  

3.5. Correlation between SB nucleation sites and typical relaxation events in Gd-based MG 

Previous researches have indicated that there exists an intrinsic relationship between the 

activation of STZs and β relaxations in MGs, and the activation energies of β relaxations and 

the barriers of STZs are nearly equivalent [24-25]. Thus, to investigate the possible 
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correlation between the SB nucleation sites and the relaxation events, it is necessary to 

compare the SB nucleation barrier without load W0 with the activation energy for relaxation 

events. From the inserted plot of Fig. 7(a), the W0 for site A, B and C can be obtained by 

extrapolating the fitted curves and the detailed values are 113, 74 and 57 kJ/mol. In contrast, 

the activation energies of slow β relaxation Eβ and fast β’  relaxation Eβ’ for Gd-based MG 

have been obtained in Fig. 1(b) and the detailed values are 113±5 and 54±5 kJ/mol. Similarly, 

the values of W0 for other three loading rates can also be determined based on Figs. 7(b)-7(d) 

and are listed in Table 2. And the W0 with the loading rates was shown in Fig. 8(a). First, it is 

noted that W0 for three nucleation sites is an intrinsic parameter and it should be independent 

on the loading rates, which is consistent with our results in Table 2. Secondly, it is interesting 

to notice: the nucleation barrier of the high load modes-site C is close to the activation energy 

of fast β’  relaxation and the nucleation barrier of low load mode-site A is close to the 

activation energy of slow β relaxation.  

For the typical relaxation events in Rare earth-based MGs, such as the secondary β 

relaxation and fast β’  relaxation, many researchers have revealed that the fast β′ 

relaxations originate from an individual local flow event (it usually behaves the 

cage-breaking event), and the secondary β relaxations are activated by the connection of 

many local flow events exhibiting the ‘string-like’ configurations [27-28, 30, 32, 42-44]. 

Therefore, based on the above results of the calculated nucleation barriers and the relaxation 

events, the physical mechanism for the activation of three different SB nucleation sites in the 

Gd-based MG can be proposed. There exist many nano-scale liquid-like structural 

heterogeneities in Gd-based MG and they are the potential nucleation sites for SB formation. 

Under different external load ranges, these heterogeneities exhibit three different activation 

configurations. First, in the low load range, these heterogeneities are prone to be activated by 

the ‘string-like’ configurations considering that the activation energy is very close to the 

secondary β relaxation, which corresponds to the activation of site A. Second, in the high 

load ranges, these heterogeneities are prone to be activated by ‘cage-breaking’ events 

considering that the activation energy is very close to the fast β’ relaxation, which 
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corresponds to the activation of site C. Finally, in the medium load range, the activation 

process for SB nucleation appears to differ from the single β or β’  relaxation modes. 

Considering that the activation barrier range for site B is between the activation barrier of site 

A and the activation barrier of site C, the heterogeneities may be prone to be activated by the 

new combined configuration of the ‘cage-breaking’ and ‘string-like’ in the medium load 

range, which requires further investigation to clarify the mechanism. Therefore, based on the 

above results of activation barriers for three nucleation sites, one simple physical image of 

the physical mechanism for the activation of the trimodal SB nucleation sites in Gd-based 

MG can be drawn and shown in Fig. 8(b). In addition, considering that the ‘string-like’ 

configurations will likely show a more viscoelastic behavior and the ‘caging’ atomic 

configuration deforms more rigidly like an elastic spring [27-28, 30, 32, 42-44], the 

nucleation behaviors such as the first pop-in load for site A exhibits a relatively strong strain 

rate dependence, while the site B and site C have a weak strain rate dependence in Fig. 3c.  

4. Conclusions 

     In conclusion, we reveal a unique trimodal distribution of SB nucleation events in a 

Gd55Co25Al 10 MG by statistically analyzing about 200 first pop-in events during 

continuous-loading nanoindentation tests. A three-dimensional mapping of probability 

density distribution and the corresponding two-dimensional projection of first pop-in load 

and length are obtained, which clearly displays the trimodal character. The nucleation site 

density, the nucleation rate and the activation barrier for three nucleation sites were 

calculated based on the cooperative deformation model. These results have identified the 

activation of SB nucleation sites and the typical relaxations are directly related in Gd-based 

MGs. The discovery of a trimodal distribution of shear band nucleation events provides 

insight for understanding the relationship between the heterogeneous structure, relaxation 

kinetics and deformation mechanism. It also offers opportunities for promoting nucleation to 

enhance SB activity and then controlling the ductility of amorphous alloys. 
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Figure and table captions 

Fig. 1. (a) Heat flow curve for the as-cast Gd55Co25Al20 MG sample with the heating rate of 

20 K/min. The inserted plot shows the amorphous nature for the as-cast sample by XRD. (b) 

Temperature dependence of the loss modulus at testing frequency of 1 Hz and the heating 
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rate of 5 K/min. The blue, red, and the magenta curves are guides for three relaxation peaks. 

The inserted plot gives the activation energies for β relaxation and β’  relaxations. 

Fig. 2. (a) One typical nanoindentation displacement-load plot with two pop-in events. The 

black curves are the experimental data with a loading rate of 0.01 mN/s, the blue dashed 

circle marks the first pop-in event and the red curve is the fitting curve by Hertzian elastic 

contact theory. (b) The load distribution at first pop-in events for about 200 tests. (c) The 

length distribution at first pop-in events for about 200 tests. (d) Cumulative count distribution 

of first pop-in load and length. The inserted plots give the corresponding probability 

distributions of first pop-in load and length.  

Fig. 3. Trimodal distribution of first pop-in events in Gd-based MG: (Up) Three-dimensional 

wiremesh mapping as a function of load and length at first pop-in events; (Down) 

Corresponding two-dimensional projection with first pop-in load and length.  

Fig. 4. (a) Cumulative distributions of first pop-in load for four loading rates. (b) 

Three-dimensional probability density curves for four loading rates. Three separate Gaussian 

plots for each loading rate stand for three different SB nucleation modes. (c) Plot of load peak 

values of the fitting Gaussian curves for three nucleation sites in Fig. 4(b) and loading rate. (d) 

Mapping of three nucleation sites for different first pop-in loads and loading rates. 

Fig. 5. (a) Scheme of the SB formation based on the activation and connection of the 

potential nucleation sites. (b) Three dimensional of the site densities for three SB nucleation 

sites versus load and loading rates. 

Fig. 6. (a) SB nucleation rate and load with four different loading rates. The inserted plot 

gives the nucleation rate with load under the loading rate of 0.05 mN/s and the detailed fitting 

curves corresponding to three nucleation sites. (b) The nucleation rate with load under the 

loading rate of 0.01 mN/s and the detailed fitting curves corresponding to three nucleation 

sites. (c) The nucleation rate with load under the loading rate of 0.2 mN/s and the detailed 

fitting curves corresponding to three nucleation sites. (d) The nucleation rate with load under 
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the loading rate of 1 mN/s and the detailed fitting curves corresponding to three nucleation 

sites. 

Fig. 7. (a) SB nucleation activation barrier and load with four different loading rates. The 

inserted plot gives the nucleation activation barrier with load under the loading rate of 0.05 

mN/s and the detailed fitting curves corresponding to three nucleation sites. (b) The 

nucleation activation barrier with load under the loading rate of 0.01 mN/s and the detailed 

fitting curves corresponding to three nucleation sites. (c) The nucleation activation barrier 

with load under the loading rate of 0.2 mN/s and the detailed fitting curves corresponding to 

three nucleation sites. (d) The nucleation activation barrier with load under the loading rate of 

1 mN/s and the detailed fitting curves corresponding to three nucleation sites. 

Fig. 8. (a) Activation barrier range for three nucleation sites with different loading rates. The 

activation energies for slow β and fast β’  relaxation for Gd-based MG are exhibited. (b) 

Scheme of the relationship between the structural heterogeneity, the activation of SB 

nucleation sites and SB formation. 

Table 1. Summary of physical parameters for Gd55Co25Al20 MG sample in this work and the 

experimental parameters for the instrumental nanoindenter. Gd55Co25Al 20 MG sample: Glass 

transition temperature Tg, primary crystallization temperature Tx1, Young’s modulus Es, shear 

modulus Gs, bulk modulus Ks, Poisson’s ratio υs, reduced elastic modulus Er. Nanoindenter: 

Young’s modulus Ei, Poisson’s ratio υi, the radius of the tip Ri. The reduced elastic modulus 

can be calculated by 56 = �7�.
�.��897T�:�7��89.T�.  

Table 2. The values of the nucleation barrier W0 without load for three nucleation sites in 

Gd-based MG. The values of W0 are obtained by extrapolating the fitted curves into the 

external load of 0, as shown in the inserted plot of Fig. 7(a), and Figs. 7(b)-7(d).  
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Fig. 1. M. Gao et al. 
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Fig. 2. M. Gao et al. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. M. Gao et al. 
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Fig. 4. M. Gao et al. 
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Fig. 5. M. Gao et al. 
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Fig. 6. M. Gao et al. 
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Fig. 7. M. Gao et al. 
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Fig. 8. M. Gao et al. 

 

 

 

 

 

 

 

Tables 

Table 1. Summary of physical parameters for Gd55Co25Al20 MG sample in this work and the 

experimental parameters for the instrumental nanoindenter. Gd55Co25Al 20 MG sample: Glass 

transition temperature Tg, primary crystallization temperature Tx1, Young’s modulus Es, shear 

modulus Gs, bulk modulus Ks, Poisson’s ratio υs, reduced elastic modulus Er. Nanoindenter: 

Young’s modulus Ei, Poisson’s ratio υi, the radius of the tip Ri. The reduced elastic modulus 

can be calculated by 56 = �7�.
�.��897T�:�7��89.T�. 

Gd55Co25Al 20 Nanoindenter 

Tg Tx1 Es Gs Ks υs Er Ei υi Ri 

590 

K 

645 

K 

55.4 

GPa 

21.2 

GPa 

47.2 

GPa 
0.304 

58.0 

GPa 

1140 

GPa 
0.07 

1.10 

µm 
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Table 2. The values of the nucleation barrier W0 without load for three nucleation sites in 

Gd-based MG. The values of W0 are obtained by extrapolating the fitted curves into the 

external load of 0, as shown in the inserted plot of Fig. 7(a), and Figs. 7(b)-7(d). 

W0 (kJ/mol) 
Loading rate (mN/s) 

0.01 0.05 0.2 1 

Site A 114 113 112 112 

Site B 85 84 84 83 

Site C 57 57 56 56 
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Highlights: 

� An effective strategy by nanoindentation reveal the multiple distribution of shear band 

nucleation. 

� A unique trimodal distribution of shear band nucleation sites in Gd-based MG for the 

first time. 

� The diagram of first pop-in load with loading rates for three nucleation sites were plotted. 

� The nucleation sits density, nucleation rate and activation barrier for three nucleation 

sites were determined. 

� The types of shear band nucleation sites are related to the types of characteristic 

relaxation behavior. 
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