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It has been decade-long and enduring efforts to decipher the structural mechanism of plasticity in

metallic glasses; however, it still remains a challenge to directly reveal the structural change, if

any, that precedes; and dominant plastics flow in them. Here, by using the dynamic atomic force

microscope as an “imaging” as well as a “forcing” tool, we unfold a real-time sequence of struc-

tural evolution occurring on the surface of an Au-Si thin film metallic glass. In sharp contrast to the

common notion that plasticity comes along with mechanical softening in bulk metallic glasses, our

experimental results directly reveal three types of nano-sized surface regions, which undergo plas-

ticity but exhibit different characters of structural evolution following the local plasticity events,

including stochastic structural rearrangement, unusual local relaxation and rejuvenation. As such,

yielding on the metallic-glass surface manifests as a dynamic equilibrium between local relaxation

and rejuvenation as opposed to shear instability in bulk metallic-glasses. Our finding demonstrates

that plasticity on the metallic glass surface of Au-Si metallic glass bears much resemblance to that

of the colloidal gels, of which nonlinear rheology rather than shear instability governs the constitu-

tive behavior of plasticity. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4977856]

I. INTRODUCTION

Extremely localized structural rearrangements under

stress have long been deemed as playing a fundamental role

in the mechanism of plasticity in different types of glasses,

such as colloidal glass,1,2 oxide glass,3 polymeric glass4 and

metallic glass (MG).5–9 According to the theories,10 these

local sites, often being termed as loose-packing regions4,11,12

can be detected only in the transient when taking place at the

molecular1,13 or atomic-scale.3 However, for MGs, the local

structural rearrangements are expected to be very rapid in

their mechanical response, spanning only a few nanometers

at the most,12,14–19 therefore, it is difficult to probe and

observe them directly in an in-situ manner. Despite that, it is

generally perceived that the activation of these local sites

would lead to shear softening, thereby strain localization or

shear banding at the onset of yielding at a low tempera-

ture.6,20–22 Furthermore, the formation of shear bands in bulk

metallic-glasses (BMGs) severely disrupts the amorphous

structure, hence smears out the original microstructural fea-

ture prior to the yielding processes.23,24

To understand the micromechanical mechanism of plas-

ticity in MGs, Argon and co-workers employed the bubble

raft experiments25 in the late 1970s to mimic the inelastic

atomistic process before macroscopic yielding sets in and

lead to the proposal of shear transformation zone (STZ).

In principle, each STZ was regarded by Argon et al. as a

local plastic event that encompasses tens of loosely packed

atoms, which is responsible for shear softening and subse-

quently triggers shear banding for yielding at low tempera-

tures.6 Since then, extensive research efforts have been

stimulated in the community of materials science and con-

densed matter physics. A variety of theoretical models, such

as the different variants of the original STZ model7,16,18,26,27

and those based on the random first-order transition (RFOT)

theory28,29 were developed. Many atomistic simulations

were also carried out9,30–34 assisted with the experimental

observations in colloidal glasses,1,13 in order to gain insights

of the structural origin of plasticity in MGs. However, it is

still puzzling to us what constitute the local sites that would

accommodate the local structural rearrangements. The issue

remains open as to whether these local plasticity events

would inevitably cause local dilation and thus shear soften-

ing, as proposed in the early STZ theory,7,16,18,26 or they

could also lead to local densification and thus hardening, at

least under a certain circumstance, as can be perceived

according to the recent experimental results.35–37 In this

work, rather than investigating the local plasticity inside a

BMG, we intend to elucidate the micromechanical mecha-

nism of plasticity on a MG surface with the state-of-art

dynamic atomic force microscopy (DAFM) technique.38–40

Different from the previous works11,41–43 in which DAFM
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was used primarily for structural imaging, here we show that

DAFM could be adopted as an imaging and forcing tool. As

a result, we are capable of directly probing the local regions

on a MG surface, trigger local plasticity events, and observe

the subsequent structural evolution in an in-situ manner.

II. EXPERIMENTAL

In our DAFM study, a thin film metallic glass (TFMG)

with the composition of Au70Si30 (in atomic percentage) was

obtained via sputtering and its structural amorphousness was

confirmed by X-ray diffraction (XRD) (Fig. 1(d)) and trans-

mission electron microscopy (TEM) (Fig. 1(e)). The reason

why we use thin film instead of bulk is that the DAFM is sen-

sitive to surface roughness. Compared with the smooth thin

film, fine polishing is required for bulk samples, which will

damage the as-cast surface state and induce surface defects

and stress. Following the DAFM method in Refs. 11 and 44,

an ultra-sharp DAFM tip with a radius �1 nm was used in our

study. The tip was vibrating initially in air with a pre-defined

amplitude A0 and frequency x, as illustrated in Fig. 1(a).

Subsequently, it was driven to engage with a sample surface

in an intermittent manner with an instantaneous amplitude

Asp sin xtþ uð Þ, in which Asp is the set-point amplitude and

u is the phase shift.38,39 From the phase shift values recorded,

a phase image can be obtained point by point together with a

height image.38–40 According to the prior works,11,41–44 the

tip-sample contact is viscoelastic in nature, which causes

energy dissipation and can be used to access the local

dynamic heterogeneity in MGs. For example, Figs. 1(b) and

1(c) show the height and phase image obtained simulta-

neously from an Au70Si30 thin film MG, from which one can

easily identify the local heterogeneities that are difficult to

reveal by conventional static means, such as transmission

electron microscopy. In theory, the local energy dissipation

(Edis) is related to the phase shift and other control/mechanical

parameters of the DAFM tip via the relation Edis ¼ pkAspA0

� sin p=2� uð Þ � Asp=A0

� �
=Q, in which k and Q denote

the spring constant and quality factor of the probe, respec-

tively.11,39–43 According to Ref. 45, the mean total force

(Fa) exerted by the DAFM tip can be expressed as Fa ¼ k
� A0

2 � Asp
2

� �
= 2Asp � Qð Þ. By tuning the ratio of Asp=A0 at

the same set values of A0, k, and Q, we can systematically

change the mean force Fa and thus trigger the local structural

evolution at different levels. In this study, DAFM experiments

were performed at Asp=A0 (A0� 21 nm) ratios of 0.13,

0.25, 0.5, and 0.75, under which the tip-sample interaction

remains repulsive, and the phase shift values are all positive.

Correspondingly, the mean force exerted by the ultra-sharp tip

ranges from 3.49 to 10.53 nN.

III. RESULTS AND DISCUSSION

To obtain the time sequence of phase imaging on the MG

surface, our DAFM scanning was performed over the same

surface area for a number of times at the same Fa. Following

the method described in Ref. 11, we are able to remove the

possible height effect out of phase imaging. Figures 2(a)–2(c)

present the mapping of the local energy dissipation obtained

from the Au70Si30 surface with Fa ¼ 3:49 nN at different

FIG. 1. (a) Schematic operating princi-

ple of the DAFM, (b) height and (c)

phase images simultaneously obtained

from the Au70Si30 TFMG in DAFM.

(d) and (e) Show the XRD and TEM

results of the Au70Si30 TFMG.
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sequences of scans. Similar to that obtained from the Zr-based

TFMG,11,41,42 nano-scale heterogeneities were also observed

on the present Au-based TFMG. There seems no significant

structural evolution under this low level force (Fa ¼ 3:49 nN),

and the energy dissipation maps look essentially similar

regardless of the number of scans (Figs. 2(a)–2(c)) However,

when Fa is increased to 4.21 nN, the TFMG surface exhibits

a trend of decreasing energy dissipation with the number of

scans, as indicated in Figs. 2(d)–2(f). Very interestingly,

such a trend of declining energy dissipation turns into a

stable energy dissipation at the higher force Fa ¼ 6:75 nN

(Figs. 2(g)–2(i)), suggestive of a steady state. With further

increasing in the mean force to Fa ¼ 10:53 nN, the TFMG

surface exhibits an inverse trend, namely, the energy dissipa-

tion increases with the number of scans (Figs. 2(j)–2(l)).

Figures 3(a)–3(d) show the distributions of energy dissipation

extracted at different number of scans at different mean

forces, which describe quantitatively the results of energy dis-

sipation images and agree very well with our direct DAFM

observations (Figs. 2(a)–2(l)). Such an energy dissipation

behavior on the Au-based TFMG surface is very intriguing,

which might be categorized into four types according to the

order of appearance with the increasing mean total force Fa,

specifically, stochastic dissipation (Fig. 3(a)), declining dissi-

pation (Fig. 3(b)), steady-state dissipation (Fig. 3(c)) and ris-

ing dissipation (Fig. 3(d)).

To further understand the micromechanical behavior of

the Au-based TFMG in our DAFM experiments, we calcu-

lated the mean elastic force Fe underneath the DAFM tip,38

which can be expressed as Fe ¼ kA0 cos p=2� Duð Þ= 2Qð Þ.
In general, one may take the mean total force (Fa) as the

summation of the mean elastic force Fe and the mean inelas-

tic force Fv. In such a case, the variation of the elastic force

Fe with the number of scans provides us another metric to

infer the underlying structural evolution on the TFMG sur-

face. Figures 4(a)–4(d) display the variation of Fe with the

number of scans at different forces. For comparison, all the

mean elastic forces are normalized by the mean elastic force

Fe–ini calculated from the first scan. As a result, we can see

that the mean elastic force is kept, approximately, at a con-

stant value for the stochastic dissipation at the force of

3.49 nN (Fig. 4(a) and the steady-state dissipation at the

FIG. 2. Energy dissipation images of Au70Si30 TFMG obtained at the applied forces of (a)–(c) 3.49 nN, (d)–(f) 4.21 nN, (g)–(i) 6.75 nN, and (j)–(l) 10.53 nN,

respectively. At each force, the scan numbers are 1st, 5th, and 9th. The unit of energy dissipation is the electron volt (eV).
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force of 6.75 nN (Fig. 4(c)). In contrast, the mean elastic

force increases as the energy dissipation declines at the force

of 4.21 nN (Fig. 4(b)) or decreases as the energy dissipation

rises at the force of 10.53 nN (Fig. 4(d)). This correlation

suggests that it would be more difficult for the TFMG to dis-

sipate energies if it became more locally elastic. This is rea-

sonable since the viscoelastic energy dissipation in MGs

stems from the presence of defect-like regions caged by their

elastic surroundings.11,42,43 Therefore, any structural change

in favor of the enhanced elastic matrix at the expense of the

local defect-like regions would lead to the reduction of the

local energy dissipation, and vice versa.

Next, we would like to get into a more local view of the

energy dissipation on the TFMG surface. For this purpose,

each energy dissipation map is divided into a square array, as

shown in Fig. 5(a). For the present work, the unit size is

selected to be 10 nm since it roughly corresponds to the

correlation length of the energy dissipation images (see Fig.

S1, supplementary material). According to our prior work,44

the dissipation correlation length measures the average size of

the tip-sample interaction volume, which could also be

viewed as the characteristic length of the spatial heterogene-

ity.43 Interestingly, we discovered three typical dissipation

behaviors by tracking each individual unit at the mean total

force Fa ¼ 3:49 nN. Figure 5(b) displays the dissipation

behavior of type I, which exhibits a stochastic energy fluctua-

tion and comprises the majority (�70%) of the TFMG surface

being studied. By comparison, Fig. 5(c) shows the dissipation

behavior of type II, which corresponds to an overall small but

notable increase in the energy dissipation with the number of

scans. In a statistic sense, type II behavior tends to appear in

regions of least energy dissipation, as shown in Fig. 5(a). The

dissipation behavior of type III is shown in Fig. 5(d), in which

the energy dissipation initially declines and then reaches a

steady state value. Meanwhile, type III is frequently found

near the “boundary” regions between those showing the most

and least energy dissipations (Fig. 5(a)). Similar results were

also found in other regions scanned at the same total force, as

shown in Fig. S2 (supplementary material). The same tech-

nique was also applied to obtain the energy dissipation maps

at higher total forces, and they are shown in Fig. S3 (supple-

mentary material). In contrast to the case of Fa ¼ 3:49 nN,

such a diversity of local relaxation behavior appears to be

absent for those cases and only one type of relaxation unit,

which conforms to the overall relaxation behavior of the

energy dissipation map, could be found.

The local energy dissipation generated in DAFM is usu-

ally associated with the local structural or dynamic heterogene-

ity in amorphous materials, such as soft glassy materials

(SGMs).46–48 Recently, a similar connection was also sug-

gested for MGs by different groups.11,41,43,49 According to the

prior works,11,41,43,49 the low dissipation region (LDR) is

FIG. 3. Energy dissipation spectra of

Au70Si30 TFMG obtained at the applied

forces of (a) 3.49 nN, (b) 4.21 nN, (c)

6.75 nN, and (d) 10.53 nN, respectively.

FIG. 4. The variation of elastic force (Fe) with the number of scans at the

applied forces of (a) 3.49 nN, (b) 4.21 nN, (c) 6.75 nN, and (d) 10.53 nN,

respectively. All the force data are normalized by the value of the respective

elastic force obtained in the first scan.
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associated with the dense-pack structure, which tends to be

more elastic and less energy dissipative, whereas the high

dissipation region (HDR) with the loose-pack structure tends

to be more viscoelastic and more energy dissipative. This

structural connection was theoretically validated through the

mean-field model developed by Liu and Yang49 and is also in

agreement with the recent experimental findings in mechanical

relaxation of MGs.43 Based on this understanding, the shifting

of the energy distribution with the number of scans, such as

those shown in Figs. 3(a)–3(d), is indicative of the change of

atomic-packing density on the TFMG surface with the

repeated AFM scanning. To be more specific, the declining

energy dissipation can be interpreted as a manifestation of

stress-induced densification on the TFMG surface (Fig. 3(b))

while the rising energy dissipation is associated with stress-

induced dilation (Fig. 3(d)). From a nanoscale perspective, the

densification (dilation) results from the stress-induced evolu-

tion of the nano-sized regions, such as HDRs. As shown in

Fig. S4 (supplementary material), when the energy dissipation

declines, the shrinkage of the HDRs was observed; by contrast,

proliferation of the HDRs with very limited growth was

observed when the average energy dissipation rises. As such,

from the thermodynamic point of view, the four types of

energy dissipation behavior, shown in Figs. 3(a)–3(d), simply

suggest that the TFMG underwent a four-step evolution pro-

cess as the mean total force increased—starting from a sto-

chastic process featured by local structural rearrangements

(Fig. 3(a)) to a more deterministic process of structural relaxa-

tion (densification) (Fig. 3(b)) until reaching an apparent

dynamic equilibrium (Fig. 3(c)), and finally a deterministic

process of structural rejuvenation (dilation) (Fig. 3(d)). This is

drastically different from the classic picture that local plastic

event mainly leads to dilation or rejuvenation, till finally trig-

gering a shear instability in BMGs at low temperatures.6,20–22

Notably, Packard et al.35 reported a similar phenomenon

of stress-induced relaxation or hardening under spherical nano-

indentation, which is consistent with our current in-situ DAFM

observations.

Although our present findings of the surface plasticity

may appear unusual to MGs, however, similar phenomena

were frequently observed in soft glassy materials (SGMs),

such as colloidal suspensions,50–52 emulsions53 and granular

matters.53 For most SGMs, plasticity is governed by a nonlin-

ear rheology rather than shear instability. Because of the rela-

tively low packing density, the amorphous structure of these

materials tends to relax under a small mechanical perturbation,

leading to an increase in the overall viscosity and eventually

the arrest of any incipient flow. By contrast, their amorphous

structure tends to rejuvenate under a large mechanical pertur-

bation, leading to a decrease in the overall viscosity and the

acceleration of the incipient flow. Consequently, yielding in

most SGMs manifests as a dynamic equilibrium between

stress-induced relaxation and rejuvenation, which is very simi-

lar to what we currently observe on the surface of the Au-

based TFMG. In addition, for MGs, previous experiments54

and theories10 already demonstrated that dynamics on glass

surface is much faster than in the bulk. In comparison, it is rea-

sonable to assume that the surface of our Au-based TFMG is

liquid-like, which behaves in a similar fashion as those soft

glassy materials. Based on our DAFM results, we estimate the

viscosity of the Au-based TFMG to be 105–106 Pa s on the sur-

face, which is much lower than the bulk viscosity (�1012 Pa s)

at the glass transition temperature (see the supplementary

material for viscosity calculation). To further verify that the

gel-like surface plasticity was indeed from a low-density

amorphous structure, we annealed our Au-based TFMG to

crystallization and then performed identical experiments (see

Fig. S5, supplementary material), no shifting of the energy dis-

tribution was observed after thermal annealing. In fact, the

liquid-like features near surface, which contribute to the gel-

like plasticity observed in our work, should be a general phe-

nomenon of MGs. Both theory and experimental results have

shown that the liquid-like features are independent of sample

dimensions and could also be found in bulk samples.

Based on the above analyses, now we can estimate the

surface yielding strength of our TFMG. For this purpose, we

FIG. 5. (a) Distribution of the nano-sized regions on Au70Si30 TFMG surface at the mean force of 3.49 nN with unmarked units for type I and marked units for

type II and type III. Type I, II, and III represent the energy dissipation behavior of (b) stochastic change, (c) continuous increase and (d) decrease with scan

numbers, respectively. The solid lines in (b)–(d) are drawn for eye guides.
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take Fa ¼ 6:75 nN as the critical force that corresponds to the

dynamic equilibrium as indicated in Fig. 3(c). Furthermore,

we assume a full contact between the AFM tip and the surface

with the contact size �1 nm. The surface yielding stress is

subsequently estimated to be �0.7 GPa, which is about one

half of the yielding stress �1.3 GPa of the bulk Au70Si30

BMG (see the supplementary material for the calculation of

yielding stress). Since the yielding stress sy in MGs is

correlated with their glass transition point55,56 Tg, i.e.,

sy � Tg � Tð Þ, where T is the ambient temperature, the esti-

mated yield stress (�0.7 GPa) then implies that the glass tran-

sition point at the TFMG surface should be significantly lower

than that in the bulk. Since the typical Tg for Au-based BMGs

is around 400 K,57 we can then estimate that Tg on the surface

of our Au-based TFMG is �353 K, very close to the room

temperature. For polymeric glass films, people reported the

reduction of the glass transition point when the film thickness

decreases,58–60 which also agrees with our current finding.

However, to our best knowledge, the size-dependent glass

transition behavior has not been directly observed yet for

MGs. As a final note, it is worth pointing out that, depending

on the chemical composition, some MGs may possess a stable

surface, as discussed in Refs. 61–63, which is difficult to

observe the gel-like plasticity on the surface.

IV. CONCLUSION

In summary, we report the surface plasticity behavior of

the Au-based TFMG by directly probing stress-induced

structural evolution. Through in-situ DAFM observations,

we observed the nano-sized regions which exhibit unusual

characteristics of structural evolution immediately after the

local plasticity. Unlike BMGs, whose plasticity is governed

by local softening and shear instability, the Au-based TFMG

surface exhibits gel-like plasticity similar to those occurring

in soft glassy materials, such as colloidal gels and suspen-

sions. These interesting findings suggest a nonuniform glassy

structure near the surface of the Au-based TFMG, which can

be further explored for important applications, such as nano-

scale lubrication and self-healing.

SUPPLEMENTARY MATERIAL

See supplementary material for the calculation of vis-

cosity and yielding stress.
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