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Yielding in crystalline metals is well known to be governed by dislocation dynamics; however, the

structural origin of yielding in metallic glasses (MGs) still remains as an issue of intense debate

despite that substantial research efforts have been expended. In this Letter, based on well-designed

cyclic microcompression tests, we provide compelling experimental evidence revealing that yielding

of MGs is essentially a stress-induced viscous flow process, during which the measured viscosity

ranges from 1014 Pa�s to 1011 Pa�s and decreases with the increase of applied stress, resembling the

“shear-thinning” behavior of non-Newtonian liquids. This stress-induced non-Newtonian flow finally

leads to shear instability, which manifests itself as the phenomenon of delayed yielding common to a

variety of MGs. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4884066]

As the newcomer to the family of metallic materials,

metallic glasses (MGs) are promising engineering materials

synthesized about 50 years ago.1 In spite of this short history,

MGs have been attracting tremendous research interest

because of their unique combination of physical/mechanical

properties.2–4 Compared to their crystalline counterparts,

MGs usually possess superb yield strengths and large elastic

limits. Nevertheless, they are prone to brittle failure upon

yielding at room temperature.5,6 This yielding behavior dif-

fers dramatically from that of conventional crystalline met-

als. In light of the brittle-like failure, the origin of yielding

for MGs has long been interpreted as shear instability via the

activation of some atomic-scale defects.7,8 The common

notion is that some defect-like “units,”9,10 such as free vol-

ume or shear transformation zone (STZ), might be created

under mechanical loadings, thus leading to shear catastro-

phe.11,12 However, both the free volume and STZ models are

proposed from the perspective of the mean-field theory,13–15

interaction between the individual “units” is unclear. What is

more, the effect of “matrix” materials during deformation is

inadvertently overlooked.

Different from the above explanation, the recent findings

of nano-scale structural heterogeneity in MGs offers us a dis-

tinct clue,16–19 from which it could be inferred that the

atomic structure of MGs is composed of solid- and liquid-

like atoms, with the former acting as an elastic “matrix”

while the latter as inelastic “inclusions.”20 Based on this

understanding, anelasticity was interpreted naturally20,21 and

microstructural models were also developed for the elastic

modulus of MGs.22,23 However, the structural origin of

yielding is still unclear for MGs. Rooted in the structural het-

erogeneity, the onset of yielding can be triggered via an evo-

lution process that entails the percolation of liquid-like

atoms through the elastic matrix. Once this occurs, it could

be imagined that a MG would flow even at a stress level

lower than its quasi-static yield strength.22 This is equivalent

to a “stress-induced glass transition” process, as proposed

previously by Guan and co-workers24 based on their atomis-

tic simulation results. Nevertheless, direct evidence for the

stress induced flow in MGs is still missing. As motivated by

the above reasonings, we intend to reveal the steady-state

viscous flow prior to shear instability (shear banding) in

MGs by using well-designed cyclic microcompression

experiments. Interestingly, the nominal viscosity extracted

from the current study is consistent with those measured at

the glass transition point of a variety of supercooled liquids,

including both “hard” and “soft” glassy materials.25,26

From the experimental viewpoint, it is a challenging task

to track the fast structural evolution process at the onset of

yielding in MGs. And in conventional compression or tension

tests, shear instability overshadows any pre-yielding inelastic

deformation process of MGs. Therefore, it is crucial for us to

slow down the whole yielding process. For this reason, we

carefully designed a cyclic loading-holding-unloading micro-

compression test based on the HysitronTM TI950 nanoindenta-

tion system, which has a fast data acquisition rate (30 kHz) and

high displacement/force resolution (�1 nm in displacement and

�1 lN in load). To minimize the effect of environmental noise,

all the tests were conducted after the thermal drift of the system

had stabilized at the values <0.05 nm�s�1. In this study, 20

micropillars with diameters of about 1–2 lm and heights of

about 2–4 lm were milled out from Zr-, Cu-, Fe-, and

Mg-based MGs by following the ion-milling method based on

the focused-ion-beam (FIB) technique.27 These MGs have the

respective nominal composition of Zr55Pd10Cu20Ni5Al10,

Cu46.25Zr44.25Al7.5Er2, Mg58Cu31Nd5Y6, and (Fe44.3Cr5Co5

Mo12.8Mn11.2C15.8B5.9)98.5Y1.5. Their amorphous structure had

been confirmed before the microcompression experiments.23,28

Afterwards, these micropillars were compressed by a 10-lm

flat-end diamond punch following the load function shown in

Fig. 1(a). Instead of loading these micropillars monotonically

a)Authors to whom correspondence should be addressed. Electronic
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till yielding, the applied loads were held constant at different

levels for 2 s before further increase. Due to the load constancy

and the sample size effect,29–35 we found that this experimental

set-up can effectively postpone shear instability, therefore facil-

itating the study of the inelastic deformation process occurring

at the onset of yielding. Figure 1(b) shows the typical

displacement-time (h-t) curve obtained from a Zr-based MG

micropillar in company with the corresponding load-time (P-t)
curve. When the holding load Ph remains relatively small, the

deformation h in the micropillar remains elastic, which can be

fully recovered after complete unloading; as Ph increases,

pop-in events are finally triggered. Interestingly, different from

the common observations that shear instability immediately

occurs once the applied load reaches a critical value, one can

clearly see a prolonged flow or creep process preceding shear

instability, as shown in Figs. 1(b) and 1(c).

A closer examination of the h-t curve reveals a well-

defined stage of steady-state flow before shear instability, as

seen in Fig. 1(d). More h-t curves featured with both the

steady-state flow and shear instability are shown in Fig. 2(a).

It can be found that during the steady-state flow process the

increase rate of displacement is raised with the increasing

holding stress. As a result, the waiting time towards shear

instability is also shortened. Here, the nominal stress applied

on the micropillar can be calculated as rh¼Ph/Ap, where Ap

is the top area of the micropillar. Owing to the micropillar

tapering, the stress so obtained is higher than that without

tapering. However, according to Ref. 28, this difference is

less than 10% for the slightly tapered micropillar as shown

by the inset of Fig. 1(a). Moreover, as the displacement h(t)

increases almost linearly with t during the steady-state flow,

we can derive a nominal flow rate _e¼ S/H, where S and H
denote the displacement rate of the steady-state flow and the

height of the micropillar, respectively. Figure 2(b) displays

the extracted strain rate versus the holding stress for the Zr-

based MG. Within the data scattering which might be attrib-

uted to micropillar tapering, a general trend is still

discernable, i.e., the steady-state flow rate rises from

7.0� 10�5 to 8.0� 10�2 s�1 as the holding stress increases

from �2.3 to �3.1 GPa.

FIG. 1. (a) The schematic of the load

function consisting of cyclic loading-

holding-unloading segments as

employed in our current study (the

inset shows an angle view of a FIB

milled MG micropillar), (b) the typical

experimental curves of displacement

and load versus time as obtained from

a cyclic microcompression test, (c) the

occurrence of displacement pop-in (or

shear instability) during load hold, and

(d) the enlarged view of the steady-

state flow before shear instability.

FIG. 2. (a) Comparison of the h-t curves at different holding stresses

obtained from the Zr-based MG micropillars, and (b) the variation of the

extracted strain rate with the holding stress obtained from the Zr-based MG.
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Based on the above measurements, we can extract the

nominal viscosity associated with the steady-state viscous

flow using the equation gst ¼ rh=3_e, here the factor of 3 is

used for the conversion of stress and strain from the normal to

shear direction. Figure 3 displays the variation of gst with the

holding stress rh as obtained from four different types of

MGs, i.e., the Zr-, Cu, Fe-, and Mg-based MGs. For the sake

of comparison, the holding stress is normalized by the respec-

tive elastic modulus, E, of the MGs, which were already

obtained in the previous studies.28,34 As seen in Fig. 3, the

extracted values of gst decline slightly from �1014 to

�1010 Pa�s as the holding stress increases, which conforms to

a typical shear thinning behavior of a non-Newtonian liquid.

From the phenomenological viewpoint, shear thinning hints

an unstable viscous flow which could be driven into a shear

catastrophe upon mechanical perturbations.36 This explains

why shear instability or shear banding ensues sooner or later

after the steady-state viscous flow, as seen in our experiments.

Before summary, let us discuss briefly the important

implications of our current finding. First of all, our experi-

mental results confirm that yielding in MGs is equivalent to

a stress-induced glass transition process, which is in agree-

ment with the theory proposed previously.24 Second, one

may ask: what is the microstructural origin of such a stress-

induced glass transition? As mentioned above, the structural

heterogeneity intrinsic to MGs provides a possible answer,

i.e., the overall steady-state flow starts from the local atomic

flow initiated at the liquid-like sites; the applied stress then

gives rise to the break-down of the elastic “matrix” and con-

sequently the liquid-like sites coalesce resulting in an overall

steady-state viscous flow. However, we should emphasize

that the above deformation picture still remains hypothetic at

the present stage, additional efforts are still needed in future

to confirm that.

To sum up, we have provided the critical experimental

evidence in this Letter to prove that the onset of yielding in

MGs starts from a stress-induced flow process by using the

carefully designed cyclic microcompression tests. What is

more, we have also showed that the steady-state flow exhib-

its a shear thinning behavior, thus being intrinsically unsta-

ble. Consequently, shear catastrophe (or shear banding)

develops out of this unstable viscous flow.
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