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ARTICLE INFO ABSTRACT

Keywords: In the plastic deformation of amorphous materials, dilatation occurs universally with softening.
Metallic glass However, the critical question that whether softening is caused by dilatation or not remains an
Softening ansatz and requires experimental examination. In this work, by examining the deformation be-
Nanoindentation

haviors of 3 metallic glasses (MGs) with distinct Johari-Goldstein (JG) relaxation characteristics
before and after crystallization with nanoindentation, it is found that the origin of softening is
probably not dilatation but the collective mode in the activation dynamics of shear transformation
zones (STZs). Since the deformation in the creep stage of nanoindentation of the MGs originates
from the “delayed plasticity” from the loading stage and depends on the softened deforming state
of the MGs, the creep depth vs. time curves in the creep stage of nanoindentation of the MGs are
examined and display similar loading rate dependent softening phenomena for both the glassy and
crystallized MGs. The stretched exponent and relaxation time characterizing the deformation dy-
namics in the creep stage of nanoindentation are derived by fitting the creep depth vs. time curves
with the Kohlrausch-Williams-Watts (KWW) equation. The stretched exponents indicate similar
collective modes in the activation dynamics of the elementary deformation units (STZs in glassy
MGs and dislocations in crystallized MGs). The relaxation times manifest similar softening effects in
the deformation accommodation processes of both the glassy and crystallized MGs, except for a
glassy La MG of which the relaxation time is extraordinary for its pronounced JG relaxation. The
extraordinary relaxation time of the glassy La MG precludes the possibility of shear dilatation being
the main cause for the softening of the glassy La MGs indicated by the loading rate dependent creep
depth vs. time curves. The stretched exponent and the relaxation time indicate the homological
softening dynamics in the plastic deformation of the glassy and crystallized MGs. For the distinct
elementary deformation units, i.e., STZs in glassy MGs and dislocations in crystallized MGs, noting
the absence of dilatation in dislocation movements, the softening phenomena in the plastic de-
formation of both the glassy and crystallized MGs is suggested to originate from the collective
mode in the activation dynamics of the elementary deformation units, rather than from local
properties of elementary deformation units, such as dilatation in STZs.

Structural relaxation

1. Introduction

Metallic glasses (MGs) are a new species of amorphous materials with unique disordered atomic structures (Cheng and Ma, 2011),
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which exhibits desirable mechanical properties (Hufnagel et al., 2016), biocompatibility (Li and Zheng, 2016), magnetic properties
and catalytical properties (Wang, 2009). These features of MGs impart them with a broad prospect in industrial applications (Khan
et al., 2018). Among the properties of MGs, the mechanical properties, specifically the plasticity (Wu et al., 2011, 2015), largely
determines the applicability of MGs as engineering materials. Because of the catastrophic failure mode caused by the precipitation of
highly localized shear band in plastic deformation (Chen et al., 2013; Jiang and Dai, 2009), the tensile plasticity of MGs has been
under relentless pursuit (Ketov et al., 2015; Wang et al., 2017; Yu et al., 2012) up until nowadays. Hence, clarifying the plasticity
mechanisms of MGs is imperative for their future application.

Since developed in the early 1990s, nanoindentation (Oliver and Pharr, 2010) has evolved into an extremely useful technique in
examining the microscale mechanical properties of materials (Ma et al., 2012; Zhang and Ohmura, 2014), especially for the materials
with limited ductility, like MGs (Chen and Lin, 2010; Yoo et al., 2012). This is because that the deformation on nanoscales delivers
clean information on the underlying deformation mechanisms (Dahlberg et al., 2014; Jang et al., 2011; Xiao et al., 2017; Zhang et al.,
2017a), and that the highly constrained conditions under the indenter guarantees a sustainable deformation mode for brittle ma-
terials, providing rich deformation phenomena. Strain-hardening exponent, fracture toughness, viscoelastic properties and creep
parameters have been tentatively extracted from the data recorded in instrumental nanoindentation tests (Dean et al., 2010). The
flow constitutive relation determined from the creep tests conducted under nanoindentation has been scaled to that determined from
conventional creep tests (Ginder et al., 2018; Phani and Oliver, 2016). These results prove that nanoindentation is an effective
technique in revealing the creep mechanisms of engineering materials (Gan and Tomar, 2010; Su et al., 2013; Zhang et al., 2017b). As
nanoindentation creep is performed immediately following a loading stage during which the maximum creep load is reached at
different loading rates, the loading rate-dependent creep behaviors of various materials are systematically characterized to under-
stand their plasticity mechanisms (Lee et al., 2016; Liu et al., 2015; Tehrani et al., 2011; Wang et al., 2010, 2018b). Enlightened by
the nanoindentation creep technique, since the deformation in the creep stage of normal nanoindentation with different loading rates
adopted in the loading stage is believed to stem from the “delayed plasticity” from the loading stage of nanoindentation (Klaumiinzer
et al., 2011; Schuh et al., 2004; Schuh and Nieh, 2003), revealing the origin and the dynamics of the deformation in the creep stage of
nanoindentation with different loading rates adopted in the loading stage should also bring out new understandings on the plasticity
mechanisms of engineering materials.

In the plasticity mechanisms of MGs, shear dilatation occurs universally and concomitantly with softening which usually leads to
a catastrophic failure (Spaepen, 1977), as having been systematically confirmed in the literature (Pan et al., 2011, 2018). However,
the causality between dilatation and softening in the shear transformation zone (STZ)-based flow model (Argon, 1979; Spaepen,
1977) of amorphous materials remains an ansatz that the dilatation created locally in a previous STZ activation would facilitate the
activation of subsequent STZs nearby, i.e., dilatation causes softening. This is because of the problem that it is difficult to experi-
mentally prove that dilatation induces softening, since the observation of softening is post-mortem where dilatation and softening are
simultaneously observed. Recently, model glasses in simulations (Patinet et al., 2016; Zylberg et al., 2017) and colloidal glasses (Lu
et al., 2018) indicate that the activation of STZ does not depend on the initial free volume content at the site of the STZ and the free
volume at the STZ site even does not exhibit a monotonous increase in the activation of an STZ. This observation suggests that the
excess free volume created via local dilatation in previous STZ activation cannot facilitate subsequent STZ activation as assumed in
the flow theory (Argon, 1979; Spaepen, 1977), i.e., dilatation may not induce softening. Not too long ago, Bhowmick et al. (2006) had
reported a softening phenomenon in a Zr-based MG with reduced free volume concentration after deformation, i.e., not dilatation but
“contraction”. The reduced free volume is ascribed to the formation of nanovoids via the convergence of free volume. However, the
existence of nanovoids is subtle to verify. Even if the existence of nanovoids could be verified (Wu et al., 2010), the problem
mentioned above still exists. Via quantitative density measurement, Schmidt et al. (2015) found both densification and dilatation in
the deformed MG, suggesting that dilatation might not be the only reason for softening. Therefore, a critical question arises as
whether softening is caused by dilatation or not. If not, then what causes softening?

Previously, to reveal the plasticity mechanisms of MGs, the relationship between Johari-Goldstein (JG) relaxation and the loading
rate-dependent serrated deformation in MGs have been interpreted with the relaxation time derived from the creep stage of na-
noindentation (Zhang et al., 2016b). As a result, a loading rate-independent relaxation time for a La MG with pronounced JG
relaxation is observed. Based on this relaxation time, pronounced JG relaxation is suggested to be able to suppress the local softening
effect in the deformation accommodation process in the plastic deformation of MGs (Zhang et al., 2018) and thus be potentially able
to improve the plasticity of MGs (Qiao et al., 2016). Therefore, the loading rate-dependent deformation in the creep stage of na-
noindentation is of particular interests to understanding the softening mechanism in MGs. What's more, as mentioned above, the
creep stage of nanoindentation characterizes the “delayed plasticity” of materials being plastically deformed underneath the indenter,
and thus depends intimately on the softened deforming state of the MGs in the loading stage, providing a critical resort to examining
“quasi in-situ” the softening effect in the plastic deformation of MGs, unlike the post-mortem tests having been done previously (Pan
et al., 2018). For the complicated stress state under the indenter and utilizing the absence of dilatation in crystalline structures, a
systematic study on the MGs before and after crystallization is necessary to thoroughly understand the plastic deformation of MGs in
nanoindentation (Burgess and Ferry, 2009; Castellero et al., 2008; Kramer et al., 2018; Wang et al., 2018b; Yang et al., 2016b).

For the complex composition of MGs which is critical for their glass forming ability (Cheng and Ma, 2011), to gain an overall view
on the plastic deformation behaviors of MGs before and after crystallization, different types of MGs are needed for the current study.
Due to the characteristic-less feature of amorphous structure, MGs with distinct JG relaxation characteristics are selected (Yu et al.,
2014), noting the crucial role of JG relaxation in the plastic deformation of MGs (Zhang et al., 2018). Therefore, nanoindentation
with different loading rates adopted in the loading stage are performed on 3 MGs with distinct JG relaxation characteristics (i.e., La
(Lag2Al; 4Ag2 34Ni10.83C010.83) With pronounced JG relaxation, Pd (Pd4oCusoNijoP20) with less pronounced JG relaxation, and Zr
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(Zr41.2Tiy3.8Cu;2 sNijoBess 5) with no pronounced JG relaxation) in both glassy and crystallized states. By examining the deformation
in the creep stage of nanoindentation, it is found that the MGs in both glassy and crystallized states show similar softening phe-
nomena. The stretched exponent and relaxation time characterizing the deformation dynamics in the creep stage of nanoindentation
are derived with the Kohlrausch-Williams-Watts (KWW) equation. With increasing loading rates adopted in the loading stage, the
decreasing stretched exponents suggest similar collective modes in the deformation dynamics of the glassy and crystallized MGs, and
the decreasing relaxation times manifest similar softening effects in the deformation accommodation process of the glassy and
crystallized MGs, except for the glassy La MG of which an extraordinary nearly constant relaxation time is observed for its pro-
nounced JG relaxation. This nearly constant relaxation time precludes the possibility of shear dilatation being the main cause for the
softening of the glassy MGs, supports the crucial role of JG relaxation in the plasticity of MGs (Qiao and Pelletier, 2014), and provides
an important clue to pin on the origin of JG relaxation in MGs. For the distinct elementary deformation units, i.e., STZs in glassy MGs
and dislocations in crystallized MGs, the collective mode in the deformation dynamics of the glassy and crystallized MGs, instead of
local properties of elementary deformation units like dilatation in STZs, is probably the main cause for the softening phenomena.

2. Experimental procedure

Zr41 2Ti13.8Cuy2.5NijoBess s, LagaAl4Ags 34Ni10.83C010.83, and PdsoCusgNiioP2o MGs (at.%) in the form of plates of a size of
2mm X 30 mm X 40 mm are prepared by copper mould casting under a Ti-gettered Ar atmosphere from master alloys. Amorphous
structures of the prepared alloys are verified by X-ray Diffraction (XRD, Smartlab-9) and differential scanning calorimeter (DSC,
Netzsch DSC STZ 449 F3). The crystallized MG samples are obtained by heating the MGs to a temperature (La: 360 °C, Pd: 420 °C, Zr:
550 °C) above their respective crystallization exothermal peak to guarantee crystallization is fully completed, and maintaining the
temperature for 1 min. The crystallized structure of the 3 MGs after thermal treatment are also verified by the X-ray diffraction. The
JG relaxation of the MGs in both glassy and crystallized states are examined with a Dynamical Mechanical Analyzer (TA, DMA Q800).
Before nanoindentation, the samples were carefully polished to a mirror finish. Nanoindentation is conducted on an Agilent G200
Nanoindenter with a Berkovich diamond tip at room temperature (RT = 298 K). The ratios T, = RT/T, for the glassy MGs are as
follows: La (T, = 445K, T, = 0.67), Zr (T, = 633K, T, =.0'47)’ Pd (T, = 572K, T, = 0.52), where T, is the glass transition tem-
perature. Load control mode and a group of loading rates P: 0.33 mN/s, 1.32mN/s, 13.2mN/s, and 70 mN/s are selected. The test is
composed by: loading to a maximum load F,,, of 200 mN at a constant loading rate; maintaining the load for 10 s at B, ; unloading
to 10% of By, at a rate of 10 mN/s; holding the load for 10 s for thermal drift calibration, and unloading completely. To guarantee
the reliability of the results, each test is repeated 7 times. To reduce the effects of thermal drift (Maier et al., 2013) and to exclude the
long time creep deformation effect, a reasonable dwell period of 10s for the creep stage of nanoindentation is selected, because which
is usually adopted in nanoindentation for the materials under the indenter to reach a steady mechanical state (Wei et al., 2007).

3. Results

To confirm the crystalline structures of the crystallized MGs, Fig. 1(a)-(c) show the XRD patterns of the La, Pd, and Zr MGs in both
glassy and crystallized states, respectively. It can be seen that the 3 crystallized MGs show clear Bragg diffraction peaks indicating
their fully crystalline structures, but the 3 glassy MGs show only a diffusive “hump” indicating their monolithic amorphous struc-
tures. The XRD patterns of the crystallized MGs exhibit multiple diffraction peaks, indicating the complexity of the compositions of
MGs. Thus, to systematically understand the plastic deformation behaviors of MGs after crystallization, 3 MGs with different JG
relaxation characteristics are examined.

Fig. 2 shows the reduced modulus and hardness of the 3 MGs in both glassy and crystallized states. As previously observed (Afonin
et al., 2016), both reduced modulus and hardness increase for the 3 MGs after crystallization. With the hardness, the flow stress of the
3 crystallized MGs beneath the indenter can be estimated as (Schuh and Nieh, 2004): o= H/3. The flow stresses of the 3 crystallized
MGs in nanoindentation are averagely ~1.3 GPa for La MG, ~ 2.6 GPa for Pd MG, ~ 4.1 GPa for Zr MG. Based on the flow stresses,
the obstacle-limited dislocation nucleation is inferred to be the dominant deformation mechanism (Gerberich et al., 1995) of the
crystallized MGs. Most importantly, it is noted that the small error bars of the hardness and modulus suggests the homogeneous
mechanical performances of the crystallized MGs and supports the feasibility of comparing the nanoindentation behaviors of MGs
before and after crystallization.

Since the creep stage of nanoindentation immediately follows the loading stage, the deformation in the creep stage depends
intimately on the softened deforming state of the MGs in the loading stage. To examine the deforming state of the MGs, Fig. 3 (a)-(c)
show the typical load (P) vs. displacement (h) curves of the 3 crystallized MGs and Fig. 3 (d)-(f) show the P-h curves of the 3 glassy
MGs, under different loading rates. For clarity, the curves are properly shifted along the transversal coordinates. Generally, the
crystallized MGs and the glassy MGs exhibit similar P-h curves. By closer examination, it can be seen in Fig. 3 (b) that the P-h curves
of the crystallized Pd MG exhibit moderate “pop-in” events or serrations. Upon increasing loading rates, the serrations decays rapidly
and become indiscernible. However, in Fig. 3 (a) and (c), both the crystallized La and Zr MGs display no serrations. For the glassy
MGs, in Fig. 3 (e), prominent serrations can be found for the glassy Pd MG (Schuh et al., 2002). In comparison, the glassy Zr MG
(Fig. 3(f)) shows much slighter serrations and the glassy La MG (Fig. 3(d)) shows no obvious serrations. Upon increasing loading
rates, the serrations of the glassy Pd and Zr MGs also decay rapidly.

To clearly examine the evolution characteristics of the serrations under increasing loading rates, the raw P-h curves are subtracted
by their power law fits (Sneddon, 1965): P = Ch™, where C is a constant; m is the power index. The Ah-P curve, i.e. Ah at the same
load P, is the difference between the P-h curve and its power law fit. As shown in Fig. 4 (a) and (c), the crystallized La and Zr MGs
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Fig. 1. (Color online) XRD patterns of the La (a), Pd(b), and Zr(c) metallic glasses (MGs) in crystallized state and in glassy state. “La-G” stands for the
glassy La MG and so on. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

exhibit a group of smooth Ah-P curves, while the crystallized Pd MG exhibits a group of Ah-P curves with prominent serrations. The
serrations on the Ah-P curves of the crystallized Pd MG also decays with increasing loading rates. These results are consistent with the
P-h curves in Fig. 3(a)-(c). Interestingly, as shown in Fig. 4 (d)-(f), prominent serrations are shown on the Ah-P curves of all the 3
glassy MGs. Especially for the glassy La MG, the raw P-h curves show no serrations, but the Ah-P curves show clear serrations.
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Fig. 2. (Color online) Hardness (b) and reduced modulus (a) of La, Pd, and Zr metallic glasses (MGs) in crystallized (open symbols) state and in
glassy (half-solid symbols) state. It is noted that the error bar is too small and covered by the symbols of the data. “La-G” stands for the glassy La MG
and so on. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Moreover, the serrations of the glassy La MG (Fig. 4(d)) increase with increasing loading rates, rather than decay like the glassy Pd
and Zr MGs (Fig. 4(e) and (f)), providing more information on the serrations and suggesting the importance of examining serrations
with the Ah-P curves. As will be shown later, the serrations observed could be well explained with the relaxation times derived from
the creep stage of nanoindentation (Zhang et al., 2016b).

Fig. 5(a)-(c) show the creep depth vs. time curves of the crystallized La, Pd, and Zr MGs in the creep stage of nanoindentation with
different loading rates adopted in the loading stage. Fig. 5(d)-(f) show the creep depth vs. time curves of the 3 MGs in glassy state. The
solid points are experimental results and the solid lines are the numerical fits. For comparison, the scales of the coordinates in Fig. 5
are set as the same for each MG in both glassy and crystallized states. It is noted that the creep depth here does not refers to the “real”
creep deformation in nanoindentation creep, but originates from the “delayed plasticity” from the loading stage. It is also important
to note that with increasing loading rate, the creep depth increases for all the 3 MGs in both glassy and crystallized states, indicating
similar loading rate dependent softening phenomena in plastic deformation. For example, under a loading rate of 0.33 mN/s, the
creep depth is only on the order of 1 nm, while under a loading rate of 70 mN/s, the creep depth is on the order of 10 nm, indicating a
prominent softening effect and the effectiveness of the creep stage of nanoindentation in characterizing the “delayed plasticity” of
MGs. To understand the deformation dynamics, the creep depth vs. time curves are fitted with the Kohlrausch-Williams-Watts (KWW)
equation (Williams and Watts, 1970): h. = ho(1 — exp(—(t/7.)F)), where h, is the time-dependent creep depth; h, is the creep depth
limit, 7. is a relaxation time characterizing the release rate of the “delayed plasticity”, and 8 is a stretched exponent indicating the
deviation of the deforming process from the exponential process. Since either the dislocations nucleation dominated deformation in
crystallized MGs or the STZ dominated deformation in glassy MGs is a thermally activated process, all the experimental results exhibit
good agreements with the KWW fits (Zhang et al., 2016b).

Fig. 6 (a) and (b) show the stretched exponent 8 and the relaxation time 7. of the glassy and crystallized La, Pd, and Zr MGs. The
lines are drawn as eye guides. Firstly, it can be seen in Fig. 6(a) that the 8 of the 3 MGs in both glassy and crystallized states decrease
concordantly from ~1.5 to ~0.3 with increasing loading rate. It is noted that the relatively higher value of 8 of roughly 1.5 at the
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Fig. 3. (Color online) The load vs. displacement curves at different loading rates for La (a), Pd (b), and Zr (c) metallic glasses (MGs) in crystallized
state and for La (d), Pd (e), and Zr (f) MGs in glassy state. “La-G” stands for the glassy La MG and so on. (For interpretation of the references to color

in this figure legend, the reader is referred to the Web version of this article.)

lowest loading rate indicates a compressed relaxation process of the deformation in the creep stage of nanoindentation. This result is
consistent with various observations made in different MGs with distinct methods (Luttich et al., 2018), supporting the reliability of
the current results. Under increasing loading rate, the decreasing 8 indicates a stretched-exponentially increasing behavior of the
creep depth, and suggests that the activation energies of the elementary deformation units of the 3 MGs in both crystallized and glassy
states become non-uniform and follow a broader distribution (Wang et al., 2014). The concordantly decreasing 8 thus suggests that
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in this figure legend, the reader is referred to the Web version of this article.)

the activation dynamics of dislocations (in crystallized MGs) and STZs (in glassy MGs) of 3 MGs follows similar evolution upon
increasing loading rate. Secondly, as shown in Fig. 6(b), the relaxation time 7. of Pd and Zr MGs in both glassy and crystallized states
decrease similarly and monotonously from ~10s to ~0.1s, manifesting a softening phenomenon in alignment with Fig. 5. However,
7. of the glassy La MG remains around ~ 10s, i.e., exhibiting no softening effect, in contrast to the softening phenomenon in Fig. 5 (d).
Intriguingly, 7. of the crystallized La MG exhibits a decreasing tendency similar to the Pd and Zr MGs in both glassy crystallized states,
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Fig. 5. (Color online) Creep depth vs. time curves of metallic glasses (MGs) in the creep stage of nanoindentation with the maximum load reached at
different loading rates for La (a), Pd (b), and Zr (c) MGs in crystallized state and for La (d), Pd (e), and Zr (f) MGs in glassy state. Solid lines are the
Kohlrausch-Williams-Watts (KWW) equation fits. “La-G” stands for the glassy La MG and so on. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

i.e., a similar softening phenomenon. Therefore, although similar softening phenomena in Fig. 5 and activation dynamics in Fig. 6(a)
are displayed, an extraordinary 7. is observed for the glassy La MG. As having been observed in amorphous selenium (Su et al., 2010),
the deformation mode of the glassy MGs under nanoindentation exhibits a close dependence on temperature. To examine the effect of
temperature on the deformation of the 3 glassy MGs, as shown in Part 2, the reduced temperature T, = RT/T, of the 3 MGs are
calculated: La (T, = 445K, T, = 0.67), Zr (T, = 633K, T, = 0.47), Pd (T, = 572K, T, = 0.52). Thus, the deformation of the 3 glassy
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metallic glasses (MGs) fitted from the creep depth vs. time curves of in the creep stage of nanoindentation. “La-G” stands for the glassy La MG and so
on. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

MGs are concluded to be dominated by shear bands (Schuh et al., 2004). More works on different La MGs and other MGs systems
(such as Mg, Ce, etc.) confirms that 7, depends intimately on the MG systems, and the extraordinary 7. of the glassy La MG is not due
to its relatively high T, = 0.67. As will be explained later, 7. characterizes the deformation accommodation rate in the plastic de-
formation of the MGs and the extraordinary 7, of the glassy La MG is due to its pronounced JG relaxation (Yu et al., 2014).

4. Discussion
4.1. Origin of the deformation in the creep stage of nanoindentation

As stated before, the deforming state of MGs in the loading stage of nanoindentation as shown in Figs. 3 and 4 determines the
deformation dynamics in the creep stage, i.e., the softening phenomenon observed in Figs. 5 and 6, indicated by the creep depth, the
stretched exponent and the relaxation time. As proposed in (Schuh and Nieh, 2003), in the plastic deformation of MGs, the activated
STZs automatically assemble into shear bands (Sopu et al., 2017). Under low loading rates, one single shear band can rapidly operate
and accommodate the applied deformation via relaxation (Murali et al., 2007), leading to a displacement “pop-in” or a serration. A
typical “pop-in” extracted from Fig. 2 (e) marked with an ellipse is shown in Fig. 7. The displacement jumps forward rapidly.
However, at loading rates exceeding the rate of relaxation via a single shear band, multiple shear bands form to accommodate the
applied deformation. In this scenario, a virtual “field” of shear bands continuously operate and accommodate the imposed de-
formation and smear out the serrations, as shown in Fig. 4(e) and (f). For the crystallized MGs, dislocations instead of shear bands
accommodate the deformation (Wang et al., 2018a; Zhang and Ohmura, 2014) and analog explanation applies. Therefore, the
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deformation accommodation process which determines the deforming state of MGs is crucial to elucidate the origin of the de-
formation in the creep stage of nanoindentation.

To illustrate the deformation accommodation process, as shown in Fig. 8, the serrations of MGs can be understood as a stick-slip
process (Klaumiinzer et al., 2011). When the critical yield point A is approached as shown in Fig. 8(a), (c) and (d), the anelastic
deformation accumulated during the loading stage will partly transit into plastic deformation via relaxation in shear bands, leading to
a serration. As shown in Fig. 8(b), a serration indicates that the MGs transit from a high potential energy state A to a low potential
energy state B (Klaumiinzer et al., 2011). For the load-control mode in nanoindentation, a displacement “pop-in” under constant load
is observed as shown in Fig. 7. Therefore, the deformation accommodation process refers to the transition from anelasticity to

(2) Stick-Slip Process

Load

(b)
o relaxation
A om

P, 2 B 3
<—> AL
| Potential Energy Landscape
Displacement

Stk — AN P

Slip —MWWWAs

AL (d) State B
Fig. 8. (Color online) illustration of the serration with the Stick-Slip process. (a) a load-displacement curve with a serration: A indicates the stick
state; B indicates the slip state (b) a potential energy landscape view on the strain accommodation process in a serration. For glassy metallic glasses
(MGs), a relaxation composed by Johari-Goldstein (JG) relaxations corresponding to the yield and plastic deformation; the closeup shows the JG
relaxation which corresponds to the anelastic deformation; (c) stick state; (d) slip state. It is noted here that, due to the confined deformation mode
of nanoindentation, a constant load rather than a drop of load is observed in the “pop-in” event. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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plasticity, i.e., the anelastic deformation stored in the MGs underneath the indenter transits into plastic deformation, via a relaxation
process of STZ operations inside shear bands. The abrupt transition from accumulated anelasticity to plasticity, i.e., “delayed plasticity”,
leads to “pop-in”.

Noting the “pop-in” in Fig. 7 during which the deformation occurs at a constant load, the creep stage of nanoindentation can be
viewed as a purposely designed “pop-in”. The deformation in the creep stage should also stem from the “delayed plasticity” and the
relaxation time 7, indicates the average deformation accommodation rate in the plastic deformation of the glassy and crystallized
MGs (Selyutina et al., 2016), i.e., the rate of dislocation movements or STZ operations. Based on the physical meaning of 7., the serrations
observed in Fig. 4 can be explained as follows. As shown in Fig. 6(b), 7. decreases with increasing loading rate, which enhances the
anelasticity to plasticity transition rate, mitigates the accumulated anelastic deformation, and reduces the size of serrations shown in
Fig. 4, except for the glassy La MG, of which the nearly constant 7. explains the increasing serrations in Fig. 4(d), for the insufficient
anelasticity to plasticity transition rate at increasing loading rates. With these concepts, we will address the deformation dynamics of
the MGs in the creep stage of nanoindentation in the following content of this section.

4.2. Relaxation times of the MGs in glassy and crystallized states

As shown in Fig. 6(b), the glassy La MG shows a nearly constant relaxation time 7., while the crystallized La MG displays a
decreasing relaxation time 7, similar to the Pd and Zr MGs in both glassy and crystallized states. Based on the explanation in Part 4.1,
the decreasing 7. actually indicates an increasing accommodation rate, i.e., a softening effect, in the deformation accommodation
process. Fig. 9 (a) shows typical creep depth vs. time curves of the glassy and crystallized La MGs, with a loading rate of 70 mN/s in
the loading stage. It can be seen that the creep depth of the crystallized La MG assumes its steady value much faster than the glassy La
MG. It is noted that the creep depth in Fig. 5 indicates the total amount of softening effect, while the relaxation time indicates how
fast can the total amount of softening could be reached via movements of elementary deformation units.
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The deformation accommodation process is important to understand the constant . of the glassy La MG. As shown in Fig. 8(b), on
the potential energy landscape, the plastic deformation of MGs can be viewed as a stress-driven a relaxation process (Harmon et al.,
2007), i.e., an assembly of JG relaxation processes (see Fig. 8 (b), a closeup view) which can be viewed as local reversible atomic
rearrangements. According to the stick-slip model, the deformation accommodation process in the glassy MGs is the stage where the
MG system explores neighborhood potential energy minimum via JG relaxations (i.e., the stage from state A to state B). Thus, 7. of the
glassy MGs is determined by JG relaxations. Noting the intrinsic softening nature of MGs, the constant 7, of the glassy La MG
exhibiting no softening effect is probably determined by its pronounced JG relaxation, compared to the Pd and Zr MGs as shown in
Fig. 9. Therefore, 7. of the glassy MGs should reflect the characteristic time scale of JG relaxations in plastic deformation. Noting that
STZs have proved to be stress driven-JG relaxations (Harmon et al., 2007; Yu et al., 2014), 7, of the glassy MGs also indicate the
operation rate of the STZs. This is consistent with the discussion in Part 4.1. Therefore, the constant 7, of the glassy La MG suggests
that pronounced JG relaxation is able to suppress the softening effect in the operation of STZs (Zhang et al., 2018).

The decreasing 7. of the Pd and Zr MGs in glassy state is thus attributed to their less-pronounced JG relaxations and the decreasing
7. of the crystallized La MG is probably due to the absence of pronounced JG relaxation after crystallization. To confirm this point,
Fig. 9(b)-(d) show the dynamic mechanical spectroscopies of the 3 MGs in both glassy and crystallized states. Compared to the glassy
MGs, the crystallized MGs show no a relaxation. The crystallized La MG shows no relaxation peak in the temperature range where JG
relaxation exists for the glassy La MG. This result confirms that crystallization eliminates the JG relaxation in the crystallized La MG
and supports that the nearly constant relaxation time of the glassy La MG is because of its pronounced JG relaxation. More works on
La MGs with different JG relaxation characteristics also support this proposition and support the crucial role of JG relaxation in the
plasticity of MGs (Qiao and Pelletier, 2014). It is also noted that the crystallized Pd MG exhibits an unknown relaxation much similar
to the JG relaxation of the glassy Pd MG, which is worth further investigation. To further understand the correlation between JG
relaxation and 7, of MGs, more works are required in future.

It is noted that the decreasing 7. of the glassy Pd and Zr MGs indicate the softening effect in the operation of STZs, while the
constant 7, of the glassy La MG suggests a non-softening effect in the operation of STZs. Recalling the similar softening phenomena in
Fig. 5 exhibited by the loading rate dependent creep depth vs. time curves of the 3 glassy MGs, the constant 7, of the glassy La MG
suggests that the softening effect in the plastic deformation of the glassy MGs is not caused by the softening effect in the operation of
STZs. However, as established in the STZ model (Argon, 1979; Spaepen, 1977), dilatation is locally created via the operation of STZ
and assumed to subsequently induce a local softening effect in the operations of STZs. Hence, the constant 7, of the glassy La MG
might preclude the possibility of shear dilatation being the main cause for the softening in the plastic deformation of glassy MGs.

4.3. Homological softening dynamics in the glassy and crystallized MGs

It is attractive to note that the crystallized MGs exhibit similar softening behaviors to the glassy MGs, as indicated by the creep
depth vs. time curves in Fig. 5 and the stretched exponent  and the relaxation time in Fig. 6. Similar softening phenomenon in
crystalline materials has also been widely reported in Mg (Haghshenas et al., 2018), copper (Chen et al., 2016), and high entropy
alloys (Zhang et al., 2016a) etc. As stated in Part 3, due to the high flow stress and the constrained deformation mode in na-
noindentation, the emission of dislocations from the interface between the indenter and sample surface, i.e., the obstacle-limited
dislocation nucleation, is inferred to be the dominant deformation mechanism (Gerberich et al., 1995) in the crystallized MGs.

To understand the similar softening behaviors, it is important to note that though dislocations and STZs are distinct elementary
deformation units, the stress-driven temperature-assisted activation dynamics of these units obeys the universal enthalpy-entropy
compensation rule. The compensation rule of the activation entropy stems from the multiple-excitation effect in the activation
dynamics of dislocations (Wang et al., 2013) and STZs (Wang et al., 2015). As shown in Fig. 10, the multiple-excitation effect induced
collective mode in the activation of dislocations (Fig. 10(a)) and STZs (Fig. 10(b)) (i.e., by combining an increasing number of
dislocations or STZs to conquer higher activation energy barrier under higher loading rates) would lead to a broad distribution of the
activation energy for an effective local deformation event (a cluster of dislocations or STZs of different numbers operate synchro-
nically composing an effective local deformation event). The multiplication effect in the nanoindentation of MGs have also been
confirmed by Schuh et al. (Schuh et al., 2004), where the nucleation dynamics of shear bands is emphasized. Thus, the distribution of
activation energy requires that the dislocation nucleation dominated deformation dynamics of the crystallized MGs should exhibit a
stretched-exponential form homological to that of the STZs dominated deformation dynamics of the glassy MGs, as evidenced by the
concordantly decreasing stretched exponent shown in Fig. 6 (a). Thus, the homological activation dynamics of dislocations and STZs
indicated by the stretched exponent and the relaxation time will lead to the similar softening behaviors of the MGs in both glassy and
crystallized states.

Since the extraordinary relaxation time of the glassy La MG precludes the possibility of dilatation in STZ operations as the main
cause for softening, for the distinct elementary deformation units, noting the absence of dilatation in dislocation movements, it is
inferred that the softening effect observed in Fig. 5 is probably resulted from the collective mode in the activation dynamics of
elementary deformation units rather than from the local properties of elementary deformation units, like shear dilatation in STZs.
This conclusion is supported by observations in colloidal glasses (Lu et al., 2018) where the activation of STZ do not depend on the
initial free volume content at the site of the STZ, indicating that the dilatation created locally after the operation of STZ cannot
facilitate neighboring STZs and induces no softening effect. Sopu et al. (2017) found that the materials surrounding the activated STZ
with lower dilatation but higher rotation would transmit the structural distortion of the activated STZ towards neighboring STZs. The
rotation field on the materials surrounding the activated STZ would induce an asymmetric strain field on the neighboring STZs and
facilitate their activation. The transmission effect of the materials surrounding STZ with lower dilatation but higher rotation
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Fig. 10. (color online) The defects-mediated deformation kinetics for the glassy metallic glasses (MGs) and the crystallized MGs. (a) deformation in
the creep stage of nanoindentation on the crystallized MGs; (b) deformation in the creep stage of nanoindentation on the glassy MGs. The ellipse
indicates that the defects operate in a collective mode, i.e., operates synchronically.

resembles the long-range effect (i.e., collective effect) caused by the activation of STZ., i.e., the collective mode in the activation of
STZ induces the softening effect (Sopu et al., 2017). Most recently, the softening of MGs is related to the softening of phonon spectra
(Jiang et al., 2017; Mahjoub et al., 2016) where the collective mode of atom diffusion is involved. Chattoraj and Lemaitre (2013) also
found that the softening effect coincides with the emergence of the correlations between STZs. This is probably why strong corre-
lations between free volume-based “soft spots” and STZs could not be observed (Ding et al., 2016; Lu et al., 2018; Patinet et al., 2016;
Yang et al., 2016a). Similar long-range stress effect also applies to the softening effect in the collective activation of dislocations
(Wang et al., 2018a; Zaiser and Hahner, 1997). Actually, phenomenological flow models which take into account the collective effect
in the plastic deformation of MGs and crystalline materials have already been established (Zaiser and Hahner, 1997; Zhang et al.,
2013). By incorporating the collective effect, the strain rate softening phenomenon in the plastic deformation of both crystalline and
amorphous materials can be predicted. These works also suggest the crucial role of the collective mode in the softening in the plastic
deformation of engineering materials. Therefore, although indirectly, Fig. 6 provides an experimental proof for the observations
made in simulations and model glasses that softening is probably not caused by dilatation, even though dilatation is critical in the
yield of amorphous materials (Fornell et al., 2009). Our work implies an entropic origin of the softening effect and present alternative
understandings on the defect-mediated plastic deformation in solid materials.

4.4. A kinematic perspective on the softening effect

From a kinematic perspective, the loading-rate dependent creep depth in crystalline materials, i.e., the softening effect, is often
attributed to the restricted time scale available for dislocations to move on the slip planes, as suggested in (Haghshenas et al., 2018).
In the loading stage, dislocations nucleate and move on the slip planes to accommodate the plastic deformation. However, due to the
decreasing time scale available for strain accommodation restricted by the increasing loading rate, the complement of dislocations
movement is getting more difficult at higher loading rates and more “delayed plasticity” would be accumulated. Upon the commence
of the creep stage, the delayed dislocation movements take place and higher loading rates are expected to lead to more significant
creep depth.

Here, our results provide an alternative understanding that the restricted time scale available for dislocation movements might
not be the main cause. As shown in Fig. 6 (b), for the crystallized MGs, with the loading rate increasing from 0.33 mN/s to 70 mN/s,
the relaxation time decreases from ~10s to ~0.1s, indicating that the deformation accommodation rate increases accordingly along
with the loading rate. This result suggests that the loading rate might not beat the slide velocity of the dislocations. The decreasing
serrations of the crystallized Pd MG in Fig. 4(b) also support the sufficient deformation accommodation rate in the loading stage, as
interpreted in Part 4.1.

Based on our results, as illustrated in Fig. 10 (a) and (b), the increasing creep depth is probably due to the enhanced collective
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mode in the operation of dislocations. Larger numbers of dislocations or STZs operates synchronically would naturally lead to a
higher creep depth in the creep stage as shown in Fig. 5. The increasing tendency of the collective movements of dislocations or STZs
has already been demonstrated by the stretched exponent f in Fig. 6(a). From this kinematic perspective, the softening effect in the
MGs is also probably resulted from the collective mode in the activation dynamics of elementary deformation units.

5. Conclusions

To conclude, nanoindentation on 3 MGs in both crystallized and glassy states are conducted in a range of loading rates from
0.33mN/s to 70 mN/s. The deformation behaviors in the creep stage of nanoindentation of both the glassy and crystallized MGs are
characterized with the Kohlrausch-Williams-Watts (KWW) equation to exhibit similar softening phenomena. The stretched exponent
and relaxation time indicate the homological softening dynamics in the plastic deformation of the MGs both in glassy and crystallized
states. Especially, the relaxation time of the glassy La MG precludes the possibility of shear dilatation being the main cause for the
softening of the glassy MGs. For the distinct elementary deformation units and noting the absence of dilatation in dislocations, the
softening in the plastic deformation of the glassy and crystallized MGs is thus suggested to originate from the collective mode in the
activation dynamics of the elementary deformation units (STZs in glassy MGs and dislocations in crystallized MGs). The relaxation
time of the glassy MGs is intimately related to JG relaxation, whilst that the underlying physics requires further clarification. More
works on the creep stage of nanoindentation on MGs would advance current knowledges on the plasticity mechanisms and the nature
of structural relaxation in MGs.
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