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Trimodal shear band nucleation distribution in a Gd-based metallic glass

via nanoindentation

M. Gao, J. H. Perepezko*
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University Ave. Madison, WI 53706, USA

Nucleation of shear bands is of critical importaicéhe deformation behaviors of metallic
glasses, but the detailed examination of nucleakimetics and the correlation with the
structure and relaxation kinetics has been few. eHebased upon instrumented
nanoindentation with spherical indenter and a gdeal of the observed first pop-in events,
one unique trimodal distribution of shear band eatibn events in a Gd-based metallic glass
was reported. Four different loading rates were leygal to study the evolution of the
nucleation distribution with external loading. Imetanalyses of nucleation kinetics, the site
density, nucleation rate and activation barriertfwee nucleation events were obtained based
on the cooperative deformation model, which clealiyplay the trimodal character. The
discovery of a trimodal shear band nucleation itistion provides new insights for
understanding the relationship between the heteemges structure, relaxation kinetics and

deformation mechanism and opportunities for coht@lthe ductility of amorphous alloys.
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1. Introduction

Metallic glasses (MGs) are of great importamceondensed matter physics, materials
science and engineering because of their uniquectstal features and outstanding
mechanical, physical and chemical properties [1AH.one new member of amorphous
materials, One of the enduring attractions of M&their interesting and impressive suite of
mechanical properties, such as ultrahigh spectfiength, ultrahigh hardness, large elastic
strain limit, high fracture toughness and uniquertioplastic deformation ability arising
from the unique atomic structure without long-rammggiodic packing order and variable
chemical composition [5-8]. However, upon strainatdow temperatures (around and lower
than the glass transition temperature), MGs usudibplay a limited macroscopic plastic
deformation ability that is accommodated by loadizinhomogeneous flow leading to
catastrophic fracture, which is the major obstafde their structural applications [5].
Different from the traditional crystalline alloy$at the plastic deformation can be well
understood in terms of the generation and motiondisfocation [9-10], the initiation,
propagation and interaction of shear bands (SBs)inly considered as being responsible
for deformation behaviors in MGs [5, 11-12]. Theclaation of SBs in MGs represents the
initial plastic yielding and induces a highly lozald plastic flow, thus strain softening [5,
11-12]. On the microscopic scale, the nucleatioBB$ in MGs is governed by the activation
of shear transformation zones (STZs) that represdntalized atomic arrangement and then
these STZs percolate, self-organize, and develdp BBs [13-15]. A large plastic
deformation level is always accompanied by many ®Bsreas for brittle failure only a few
SBs are active [12]. Therefore, the easy initiatainSBs appears to be one of the most
important factors for large plastic deformabilijowever, the detailed examination of the SB
nucleation kinetics, such as the nucleation rdkesactivation barrier and the nucleation site
density, and the relationship with the intrinsicusture in MGs has received only limited

study [16-18].

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

yielding of localized regions (called shear tramsfation zones, STZs) comprising tens of
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atoms that undergo a local structural transformafi]. Thus, these initial STZs are
considered as the nucleation sites for the nucieand formation of SBs. On the other hand,
although the atomic structure for MGs is still ungudy, many experimental results indicate
that MGs are not completely homogeneous at the stah® and there exist viscoelastic
defects (also termed as liquid-like regions, weakded regions) within the elastic matrix,
which exhibit a low modulus, low viscosity and higltomic mobility [19-21]. As the
potential nucleation sites of SBs, the STZs aresiciamned to structurally originate from these
nanoscale liquid-like regions and different hetemgpus structures lead to different
macroscopic mechanical behaviors [15, 22]. Moreovecent researches reported that a
broad spectrum of STZs with a broad range of aiitimeenergies exists in MGs and some
STZs can even show early activation at a low straisge corresponding to the purely elastic
deformation [22-23]. Thus, the potential activataatleation sites (STZs) are critical for
understanding the plastic deformation mechanisf@s. Meanwhile, it has been reported
that there exists one-to-one correspondence bettheecharacteristic relaxation response in
terms of the secondayy and faster relaxations and the activated STZs @sMwhich are
also closely related to the spatial heterogendi#é<28]. On this basis, it is hypothesized that
the types of SB nucleation sites would be relatedhe types of characteristic relaxation
behavior. Thus, considering the various relaxabiehaviors and the heterogeneous structure
in MGs [19-21, 29-32], it is expected that thera t&® multiple rather than a single type of
SB nucleation site. Meanwhile, the nucleation psscef SBs is a stochastic process
considering the random production, annihilation andlescence of STZs, which is difficult
to systematically study by traditional mechanicetiuments [5, 15]. Recently, an effective
strategy based on the nanoindentation testing wgsoped and applied to reveal the bimodal
distribution of stochastic SB nucleation eventd thyaerate at different stress levels in MGs
[33-39]. Based on this strategy, many researctmmnsd that the SB nucleation sites in MGs
are bimodal rather than the current view of a grtgbe of site, which is closely related to the
local structural heterogeneity [33-39]. In the r@&swork, this approach is applied to explore
the possible relation between SB nucleation anakation behavior for a ductile Gd-based

MG that exhibits three relaxation modess andg’ [5, 30, 40] by measuring a series of first
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pop-in events. By statistically analyzing the proibty distributions of first pop-in load and
length with the loading rate of 0.01 mN/s, we foumdinique trimodal distribution of SB
nucleation sites in this Gd-based MG for the firste. The distributions of first pop-in events
for other loading rates also exhibit the similamwodal character. Finally, the detailed
nucleation kinetics including the nucleation sitsnsity, nucleation rate and activation

barrier for three nucleation events were determbyaskd on the nucleation theory formalism.
2. Experimental methods

The ingot with the nominal composition of §g80,5A120 was prepared by arc melting
pure elements and then was remelted five timessore homogeneity. The resulting ingot
was cast into a copper mold with cyclic cooling evatto produce several rod-like samples
with the dimensions of ¥ 15 mm (Diameterx Length). The amorphous nature of the
samples was confirmed by X-ray diffraction (XRDuRer D8 Discovery) and diamond DSC
(Perkin Elmer) measurement. A PerkinElmer Diamor8CDinstrument was also used to
characterize the thermodynamic properties. Thdielpsoperties (the Young’s modulus, the
shear modulus, the bulk modulus and Poisson’s)ratere measured by MATEC 6600

ultrasonic system.

The dynamical mechanical properties of thesdGdysAl,0 MG sample were measured
on a TA Instruments RSA IlIl dynamical mechanicahlgmer (DMA) in a nitrogen-flushed
atmosphere. The activation energy spectrum inctuthe fasp’ relaxation, slows relaxation
and a relaxation was characterized by the dynamical raeiclal properties of the rod-like

sample with discrete testing frequency of 1, B,4nd 16 Hz.

For nanoindentation tests, the rod-like samplege cut into several thin slices with
thickness of about 1 mm. All slices are first mashinto the rubber mold by mixing the
epoxy hardener and epoxy resin and then cured Zondurs. All mounted samples were
progressively polished with diamond abrasive filofs30, 15, 6, 3, 1, 0.5 and Ouin. After
the initial mechanical polishing, to further obtamirror surface with nano-scale roughness,

we applied an additional final polishing stage gsoolloidal silica (one chemo-mechanical
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polish procedure, and it combines the effect ofimecal polishing with etching). Finally, to
further exclude the effect of the surface residitigdss on the nanoindentation tests, all of the
above polished samples were held at room temper#&burat least three weeks to relax the

surface residual stress.

To detect the first pop-in events (correspondingS® nucleation), a series of the
nanoindentation tests during loading were conduabed a Hysitron TI950 (Bruker)
nanoindenter equipped with a spherical tip (theaive radius of the tip is about 1.{ufn).

All tests were conducted in a load-controlling maddour constant loading rates of 0.01,

0.05, 0.2 and 1 mN/s. For each loading rate, muag 200 repeats were performed to ensure
that the results are statistically significant.g@revent the possible overlapping of strain fields
between the neighboring indentations, we design@0 am spacing distance between the

neighboring loading points within the rectangulaatrix.
3. Results and discussions
3.1. Characterization of thermodynamic and dynapnaperties for GesCo,5Al0 MG

Fig. 1(a) displays a typical heat flow curve forsgb,sAl,0 MG and the glass transition
and the following primary crystallization take pdgaguring heating. The detailed values of the
thermodynamic properties such as the glass trangéimperature and primary crystallization
temperature are listed in Table 1. The inserted XRi verifies the amorphous nature for
the as-cast sample. Fig. 1(b) shows the loss meduilin the increase of the temperature for
GdssCosAl 0 MG samples and the applied DMA frequency and gredihg rate is 1 Hz and 5
K/min, respectively. It is evident that the curvetlee loss modulus and temperature exhibits
three distinct peaks within the testing temperattarge: The maim relaxation peak
corresponding to the glass transition appears &t Kland the following secondarg
relaxation takes place at 476 K; befereelaxation ang’ relaxation, there exists the third
relaxation event at a lower temperature of 279 &lléd the fasyy’ relaxation), which are
consistent with the previous research [30]. Therntesl plot of Fig. 1(b) gives the evolution

of the temperature peak$s(andTy) corresponding t@ relaxation angs relaxation with
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different frequencieg One can see that both of the temperature peals felaxation ang
relaxation shift to higher temperatures with theréase of the applied frequency. Thus, the

activation energies of relaxation angh’ relaxation ; andEp) can be calculated based on
the Arrhenius equationn(f) = Constant + %(%) ). And the detailed values & andEy

are also listed in Table 1.

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

0.01 mN/s

A typical nanoindentation load-displacementveuwith a loading ratep of 0.01 mN/s

is shown in Fig. 2(a). For nanoindentation, theemals initially follow an elastic Hertzian
response, as marked by the red curve in Fig. Z{g.termination of the elastic response is
indicated by a pop-in event where there appearaddes increase in displacement at a
constant load marked by blue dashed circle in Zig). Previous research has confirmed that
the first pop-in event corresponds to the initiataf a SB [33]. Thus, to investigate the SB
nucleation kinetics of Gd-based MG, we focus ors¢hirst pop-in events. Based on about
200 individual nanoindentation measurements insameple, the distributions of the load and
the length of the first pop-in events are sepayasblown in Fig. 2(b) and Fig. 2(c). It is
evident that there is no systematic drift ovenili®le test course and the data is uncorrelated,
which indicates that SB nucleation is a stochaptmcess [32-33]. Then, the cumulative
distribution and probability distribution of thedt pop-in load and length can be obtained in
Fig. 2(d) and the insertions of Fig. 2(d). From.R2gd), it is obvious that the probability
distributions for the first pop-in load and lenglisplay three peaks, which indicates that
there exists multiple SB nucleation events. Forstla¢istical analysis of the experimental data,
the obtained probability distribution function chae fitted by a Gaussian function or the
Weibull function [33-35, 37]. First, the probabylitlistributions of the first pop-in load and
length can be well fitted by three Gaussian fumgjowhich clearly displays a trimodal
behavior. What is more, the fitting results by tand four Gaussian functions were also

conducted and were shown in Figs. S1(a)-S1(f) gpipf&amentary Materials. It is evident that



the fitting results by three Gaussian functionstheebest and the values of the R-square error
are 0.99, which confirms the trimodal nature of Siis in Gd-based MG. Secondly, we
applied the Weibull functions to fit the experimandata and the detailed fitting results can
be seen in Figs. S2(a)-S2(h) of Supplementary NédserFrom Figs. S2(a)-S2(b) and
S2(e)-S2(f), the use of only one and two Weibutidiions cannot fit the experimental results
well (the standard error are 0.53 and 0.84, 0.6&2 @82,). In contrast, the probability
distributions can be well fitted by three Weibulhttions, as shown in Figs. S2(c) and S2(Q).
Moreover, we can see that four Weibull functionarnzd give better fitting results in Figs.
S2(d) and S2(h). Thus, from the above analysegests, the probability distributions for
the first pop-in length and load can be well fitieg three Gaussian or Weibull functions,
which displays the trimodal character of SB nudategatEach Gaussian or Weibull function
represents one nucleation site and there actuzisy three different SB nucleation sites in
the Gd-based MG. Due to the equivalence of fith distribution data by the Gaussian and
Weibull functions, the following discussion is bdsgpon the use of the Gaussian function
analysis. The corresponding nucleation sites armedasite A (low-load mode), B
(medium-load mode) and C (high-load mode), respelsti To clearly display the trimodal
character of the SB nucleation events, a threebioeal probability distribution map and
the corresponding two-dimensional probability disttion projection of the load and length
at first pop-in events are exhibited in the upped fower parts of Fig. 3. Three maxima of

the probability distribution for SB nucleation et®ran be identified from Fig. 3.
3.3. Loading rate effect on the probability distrilon of first pop-in events load and length

To examine the loading ratdéfect on SB nucleation, additional three loading sait
0.05, 0.2 and 1 mN/s were applied, and the corretipg cumulative density distributions
are plotted in Fig. 4(a). A clear shift of the distitions to higher load range can be observed
when the loading rate increases from 0.01 mN/snd/s, which is consistent with the
previous research [34]. From Fig. 4(a), the comwesing three-dimensional probability
density distributions can be obtained and are shiowig. 4(b). For all loading rates, the

probability density curves can be clearly decomgosato three Gaussian functions
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corresponding to the three nucleation events in &ig). Based on the distribution spectra in
Fig. 4(b), the load peak valys, evolution of the probability density with loadimgtes for
each nucleation site can be obtained and is shovigL 4(c). With the increase of loading
rate, it is evident that the peak load values fothaee sites increase, which indicates that the
activation loads for all three nucleation sitesré@ase with the loading rate. Moreover, by
fitting the linear empirical equation qf,, = a + blog(p), the values of the loading rate
sensitivity factorb can be calculated as shown in the insertion of &g). The low-load site
A exhibits the highest loading rate sensitivity ahd high-load site C has the lowest loading
rate sensitivity. To further display the evolutipaths with load and loading rate for three
nucleation sites, a map of the governing nucleatib@ can be plotted by obtaining the
transition loads from site A to site B (blue emptares) and from site B to site C (red
empty circles) in Fig. 4(b), as shown in Fig. 4(@he low-load site A lies in lower right
region with the low load and high loading rate, d@hd high-load site C controls the low
loading rate and high load region, which is comsistwith the above evolution of the
probability density for three nucleation sites iig.F4(b). It is worthwhile noting that in
previous work a bimodal distribution of first pop-events was observed in four different
MGs during nanoindentation with a 5 pum sphericdkimter radius and a loading rate of 0.07
mN/s [37]. Similar bimodal distributions were refemt by Wang and Perepezko [33] on two
MGs with an indenter radius of 2.5 um and the logdate ranging from 0.05 to 2 mN/s and
by Zhao et al [36] on eight MGs with an indentetiua of 2 um and loading rates between
1.1 and 4.76 mN/s. The tendency for the developroért bimodal distribution of pop-in
events has been attributed to the use of a lagjesandenter and high loading rates [37].
However, in the current work the indenter radiuplayed was 1.1 um and the loading rate
ranges from 0.01 to 1.0 mN/s, which are smallen ttheopse used in previous studies. Thus,
the development of a trimodal distribution of fimdp-in events is not consistent with the
claim that the multimodal distributions are favoisdlarge indenter radius and high loading
rates, which indicates that the multimodal distridnos of SB nucleation behaviors may be a

universal character in MGs.



3.4. SB nucleation kinetics analyses-site density

For MGs, under external loading, the potential S$Bl@ation sites can be activated and
then these activated SB nucleation sites coope¢ogiether and form into the SB. For the
formation of SB, one physical scheme was proposédwas shown in Fig. 5(a). For the SB
nucleation kinetics in MGs, the nucleation sitesignis a critical parameter that determines
the final density of the SBs governing the macrpsclasticity, and the transition of the
deformation mechanism between inhomogeneous defamand homogeneous flow [5].
Thus, it is necessary to investigate the evolutbrthe nucleation site density for three
nucleation sites with external load. Here, for dioity, it is assumed that the activated
nucleation sites are randomly distributed in théoneed volumeVyer. For the deformation
volume at an external load under the nanoindeigegit usually follows the minimum criteria
for a pop-in event. And the site densityis the ratio of the number of density and the
deformed volume under nanoindenter. Thus, the atiole site probabilityX can be

expressed by [5]
X =1—exp(—mVgr) (2),
The value olVyeris usually taken as about 1A%, whereVyis is the volume displaced beneath

the spherical nanoindenter [32-33]. TW& can be taken as

1/3 9P?2

16Er2Ri]

9P2Ri5)

Vais = 513 (ons (2),

whereP is the external loady, is the radius of the spherical nanoindenieris the reduced

EgE;

elastic modulus kg, = T o) B,

) [32-33] (the detailed values can be seen in Taple

For the experimental values ¥f the values for the low-load, medium load and Hagd
mode are determined based on the fraction of tfa¢ noicleation events with a given load in
the previous fitted probability distribution curvesth three peaks in Fig. 4(b). Thus, the

detailed site densities of low-load, medium load high-load modes can be obtained by



In(1 - X) 3).

0.01%[3(91’;}:"25>1/3 : 162‘1:2Ri]
Based upon the trimodal probability density funetion Fig. 4(b), an independent evaluation
of the nucleation site density for each loading in be derived in Fig. 5(b). From Fig. 5(b),
all of the nucleation site density curves for aurf loading rates can be decomposed into
three Gaussian functions corresponding to thredeation sites, which is similar to the
probability density curves in Fig. 4(b). What is nmoone can see that three nucleation sites
display the maximum site density within differeoadl ranges in Fig. 5(b). This result directly
indicates that three nucleation sites control thhdeation process within different load ranges

during continuous nanoindentation loading, whichassistent with the results in Fig. 4(d).
3.5. SB nucleation kinetics analyses-Nucleatior eatd nucleation barrier

The nucleation rate and the activation bawéh external load for different loading
rates can be obtained based on the Johnson-Sarooerative deformation model [14]. In
order to extract the nucleation rate from the expental first pop-in distributions, we
introduced the kernel density corresponding toekgerimental probability density function
(f(t)). Then, by integrating the fitted cur¥€t) from the experimental data, one can calculate
the cumulative distribution functioR(t). Based on the obtained probability and cumulative
functionsf (t) andF(t), the statistically probability function called Zaad rate functiori(t)
can be expressed As) =1 (t) /(1 - F). The hazard functioi(t) indicates that a specimen can
survive up until timet during one SB nucleation event. Finally, the nubbearateJ is
directly related to the hazard function by 1/Vger, whereVye is the deformation volume at a
given load and is about 0.¥93s (Vgis can be seen by Eq. (2)). Thus, under four loadates,
the detailed SB nucleation rate for three nucl@asites can be obtained and be shown in Fig.

6.

Based on the cooperative shear deformation moagioged by W. L. Johnson and K.
Samwer [14], considering that the SB nucleation lsarconsidered as an activation process

by the external load, the nucleation rdtean be expressed as
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J = wexp () Q

wheredW(z)" is the activation barrier for SB nucleation anibi& function of the shear stress
7, @ is the frequency constant and it is the produaroatomic jump frequency (for MGs, it

can be taken as 1&?) and the nucleation site density. Thus, from B}, \fe can get
AW (2)* kT = In(wl)) (5)

Then, based on the calculated nucleation ratesgn@; we can determine the activation
barriers for different loading rates, as shown ig. . From the insertion of Fig. 6(a), the
resultant nucleation rate for 0.05 mN/s as a fanctf load can be separated into three
discrete curves corresponding to three nucleaiies.sThe same analysis can be conducted
for the other three loading rates and the siméauits were also exhibited in Figs. 6(b)-6(d).
Then, from Fig. 7(a), the resultant activation lr"W/kT (at room temperature 300 K) for
0.05 mN/s as a function of load can be obtainedsfwadvn in the insertion of Fig. 7(a). This
curve can also be separated into three discretesworresponding to three nucleation sites.
Meanwhile, for different nucleation sites, with tinerease of the external load, the activation
barriers for all sites display the descending treBichilarly, the analyses for the other three
loading rates are also conducted, as shown in Figg-7(d). It has been reported that the
plastic flow in MGs can be considered as the comsece of stress-induced glass transition
and the effect of the external stress is to redbeeapparent activation energy barrier in the
local energy landscape and to reduce viscosityeblyechanging a glass into a liquid [14, 42].
Thus, the activation of the SB nucleation sites banconsidered as a local stress-induced
glass transition event and the activation energyukhdecrease with the increase of load,

which is consistent with our results.
3.5. Correlation between SB nucleation sites apetca} relaxation events in Gd-based MG

Previous researches have indicated that thereseatisintrinsic relationship between the
activation of STZs and relaxations in MGs, and the activation energies tdlaxations and

the barriers of STZs are nearly equivalent [24-Zbjhus, to investigate the possible
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correlation between the SB nucleation sites andrétexation events, it is necessary to
compare the SB nucleation barrier without |&glwith the activation energy for relaxation
events. From the inserted plot of Fig. 7(a), Wigfor site A, B and C can be obtained by
extrapolating the fitted curves and the detaileldesare 113, 74 and 57 kJ/mol. In contrast,
the activation energies of slogvrelaxationEs and fastp’ relaxationEy for Gd-based MG
have been obtained in Fig. 1(b) and the detaildaegaare 11315 and 54+5 kJ/mol. Similarly,
the values of\, for other three loading rates can also be detathiased on Figs. 7(b)-7(d)
and are listed in Table 2. And thié with the loading rates was shown in Fig. 8(a)stiit is
noted that\, for three nucleation sites is an intrinsic paranand it should be independent
on the loading rates, which is consistent with sults in Table 2. Secondly, it is interesting
to notice: the nucleation barrier of the high lmaddes-site C is close to the activation energy
of fast f’ relaxation and the nucleation barrier of low loadde-site A is close to the

activation energy of slow relaxation.

For the typical relaxation events in Rare eartredabIGs, such as the second#ry
relaxation and fasj’ relaxation, many researchers have revealed thatfdakt 4 ~
relaxations originate from an individual local flowvent (it usually behaves the
cage-breaking event), and the secondamelaxations are activated by the connection of
many local flow events exhibiting the ‘string-likeonfigurations [27-28, 30, 32, 42-44].
Therefore, based on the above results of the @mlinucleation barriers and the relaxation
events, the physical mechanism for the activatiothiee different SB nucleation sites in the
Gd-based MG can be proposed. There exist many seale- liquid-like structural
heterogeneities in Gd-based MG and they are thenpat nucleation sites for SB formation.
Under different external load ranges, these he&reijes exhibit three different activation
configurations. First, in the low load range, thaséerogeneities are prone to be activated by
the ‘string-like’ configurations considering thdtet activation energy is very close to the
secondarys relaxation, which corresponds to the activatiorsivé A. Second, in the high
load ranges, these heterogeneities are prone tactbeated by ‘cage-breaking events

considering that the activation energy is very e€lds the fastf’ relaxation, which

12



corresponds to the activation of site C. Finally,the medium load range, the activation
process for SB nucleation appears to differ frora #inglef or f° relaxation modes.
Considering that the activation barrier range fte B is between the activation barrier of site
A and the activation barrier of site C, the heterogjties 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 ifyathe mechanism. Therefore, based on the
above results of activation barriers for three aatbn sites, one simple physical image of
the physical mechanism for the activation of themddal SB nucleation sites in Gd-based
MG can be drawn and shown in Fig. 8(b). In additioansidering that the ‘string-like’
configurations will likely show a more viscoelastiiehavior and the ‘caging’ atomic
configuration deforms more rigidly like an elasspring [27-28, 30, 32, 42-44], the
nucleation behaviors such as the first pop-in limadsite A exhibits a relatively strong strain

rate dependence, while the site B and site C hawesak strain rate dependence in Fig. 3c.
4. Conclusions

In conclusion, we reveal a unique trimodalkrdisition of SB nucleation events in a
GassCosAlp MG by statistically analyzing about 200 first pop-events during
continuous-loading nanoindentation tests. A thrneeedsional mapping of probability
density distribution and the corresponding two-disienal projection of first pop-in load
and length are obtained, which clearly displays ttiraodal character. The nucleation site
density, the nucleation rate and the activationriéarfor three nucleation sites were
calculated based on the cooperative deformationemddese results have identified the
activation of SB nucleation sites and the typiehxations are directly related in Gd-based
MGs. The discovery of a trimodal distribution ofesin band nucleation events provides
insight for understanding the relationship betwée® heterogeneous structure, relaxation
kinetics and deformation mechanism. It also offgsportunities for promoting nucleation to

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

Fig. 1. (a) Heat flow curve for the as-cast g00,5Al,0 MG sample with the heating rate of
20 K/min. The inserted plot shows the amorphousreair the as-cast sample by XRD. (b)

Temperature dependence of the loss modulus ahgekequency of 1 Hz and the heating
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rate of 5 K/min. The blue, red, and the magentaaesiare guides for three relaxation peaks.

The inserted plot gives the activation energiegfaglaxation ang’ relaxations.

Fig. 2. (a) One typical nanoindentation displacement-Ipkd with two pop-in events. The
black curves are the experimental data with a lapdate of 0.01 mN/s, the blue dashed
circle marks the first pop-in event and the redveus the fitting curve by Hertzian elastic
contact theory. (b) The load distribution at fipgip-in events for about 200 tests. (c) The
length distribution at first pop-in events for ab@00 tests. (d) Cumulative count distribution
of first pop-in load and length. The inserted plgfise the corresponding probability

distributions of first pop-in load and length.

Fig. 3. Trimodal distribution of first pop-in events in édsed MG: (Up) Three-dimensional
wiremesh mapping as a function of load and lengthfirat pop-in events; (Down)

Corresponding two-dimensional projection with fipsp-in load and length.

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

Three-dimensional probability density curves fanrftoading rates. Three separate Gaussian
plots for each loading rate stand for three diffiei®B nucleation modes. (c) Plot of load peak
values of the fitting Gaussian curves for threel@aiton sites in Fig. 4(b) and loading rate. (d)

Mapping of three nucleation sites for differensfipop-in loads and loading rates.

Fig. 5. (&) Scheme of the SB formation based on the dumiveand connection of the
potential nucleation sites. (b) Three dimensiorighe site densities for three SB nucleation

sites versus load and loading rates.

Fig. 6. (a) SB nucleation rate and load with four différéading rates. The inserted plot
gives the nucleation rate with load under the logdate of 0.05 mN/s and the detailed fitting
curves corresponding to three nucleation sitesT{® nucleation rate with load under the
loading rate of 0.01 mN/s and the detailed fittowgves corresponding to three nucleation
sites. (c) The nucleation rate with load underlgaing rate of 0.2 mN/s and the detailed

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

sites.

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

inserted plot gives the nucleation activation learwith load under the loading rate of 0.05
mN/s and the detailed fitting curves correspondingthree nucleation sites. (b) The
nucleation activation barrier with load under tbading rate of 0.01 mN/s and the detailed
fitting curves corresponding to three nucleatioessi () The nucleation activation barrier
with load under the loading rate of 0.2 mN/s aral detailed fitting curves corresponding to
three nucleation sites. (d) The nucleation aciwvabarrier with load under the loading rate of

1 mN/s and the detailed fitting curves correspogdmthree nucleation sites.

Fig. 8. (a) Activation barrier range for three nucleatsites with different loading rates. The
activation energies for slow and fastg’ relaxation for Gd-based MG are exhibited. (b)
Scheme of the relationship between the structuederbgeneity, the activation of SB

nucleation sites and SB formation.

Table 1. Summary of physical parameters forsgb,sAl .0 MG sample in this work and the
experimental parameters for the instrumental natesiter. GekCosAl .0 MG sample: Glass
transition temperatur€y, primary crystallization temperatuifig;, Young’s moduluss, shear
modulusGs, bulk modulusKs, Poisson’s ratias, reduced elastic moduld&s. Nanoindenter:

Young's modulugg;, Poisson’s ratias, the radius of the tiR. The reduced elastic modulus

EGE;
E;(1-v52)+Es(1-v;2)"

can be calculated b¥, =

Table 2. The values of the nucleation barri without load for three nucleation sites in
Gd-based MG. The values ¥f,, are obtained by extrapolating the fitted curve® ithe
external load of 0, as shown in the inserted plétig. 7(a), and Figs. 7(b)-7(d).
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Fig. 8. M. Gao et al.

Tables

Table 1. Summary of physical parameters forsgb,sAl,0 MG sample in this work and the
experimental parameters for the instrumental natesiter. GekCosAl .0 MG sample: Glass
transition temperaturg,, primary crystallization temperatuflg;, Young's modulusss, shear
modulusGs, bulk modulusKs, Poisson’s ratias, reduced elastic modulds. Nanoindenter:

Young’s modulusg;, Poisson’s ratiax, the radius of the tig. The reduced elastic modulus

ESE;

can be calculated b¥, = F AP B

Gds5C0p5Al 20 Nanoindenter
Tg Ta Es Gs Ks Us E, E U R,
590 | 645 554 21.2 47.2 58.0 1140 1.10
0.304 0.07
K K GPa GPa GPa GPa | GPa pHm
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Table 2. The values of the nucleation barri without load for three nucleation sites in
Gd-based MG. The values &Y, are obtained by extrapolating the fitted curve® ithe
external load of 0, as shown in the inserted pldtig. 7(a), and Figs. 7(b)-7(d).

L oading rate (mN/s)
W (kJ/mal)
0.01 0.05 0.2 1
Site A 114 113 112 112
SiteB 85 84 84 83
SiteC 57 57 56 56

30




Highlights:

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

nucl eation.

* A unique trimodal distribution of shear band nucleation sites in Gd-based MG for the
first time.

* Thediagram 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

rel axation behavior.
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