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We study serrated flow dynamics during brittle-to-ductile transition induced by tuning the sample

aspect ratio in a Zr-based metallic glass. The statistical analysis reveals that the serrated flow dynam-

ics transforms from a chaotic state characterized by Gaussian-distribution serrations corresponding to

stick-slip motion of randomly generated and uncorrelated single shear band and brittle behavior, into

a self-organized critical state featured by intermittent scale-free distribution of shear avalanches cor-

responding to a collective motion of multiple shear bands and ductile behavior. The correlation found

between serrated flow dynamics and plastic deformation might shed light on the plastic deformation

dynamic and mechanism in metallic glasses. VC 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4941320]

I. INTRODUCTION

Bulk metallic glasses (BMGs) present outstanding me-

chanical properties including large elastic limit and high

strength.1,2 These superior properties make BMGs important

candidates as structural materials.3 However, at temperatures

far below the glass transition, the plastic deformation in

BMGs is often characterized by shear localization where

plastic strain is highly confined to one or a few narrow shear

bands.4,5 Because the propagation instability of the individ-

ual shear band finally leads to the catastrophic failure, result-

ing in limited plasticity in BMGs, great efforts have been

made to improve the plasticity of BMGs through various

methods.6–10 For example, changing the sample aspect ratio

can significantly improve the ductility of BMGs.11–14 Due to

the confinement of testing the crosshead of the machine dur-

ing deformation, complex stress states induced by the fric-

tion between the crosshead and the specimen together with

the mechanical interlocking inside the specimen, Zr-based

specimens with an aspect ratio of 0.5 can be compressed into

a flake without fracture.11–14

Owing to the disordered nature of glasses, the deforma-

tion mechanism of BMGs is completely different from the

dislocation-mediated deformation in their crystalline coun-

terparts. From a macroscopic viewpoint, mechanical behav-

ior of BMGs such as plastic deformation is closely related to

shear bands,15 which, once initiated, often proceed in an

intermittent manner and manifest as the serrated flow behav-

ior in a stress-strain curve.16,17 At the atomic scale, the plas-

tic flow in BMGs is considered to comprise the local

inelastic rearrangement of some defect-like clusters, often

termed as flow units18 and liquid-like zone.19 Theories such

as free volume20 and shear transformation zone theory21 are

also proposed to explicate the atomic scale flow mechanism

and to interpret the correlation between the macroscopic

deformation behavior and microscopic structure heterogene-

ity.22 Since the plastic flow of BMGs is an intrinsically

dynamic process, the plastic deformation mechanism was

recently discussed from the viewpoint of flow dynamics in

BMGs. For example, it is found that the plastic deformation

of ductile metallic glasses could evolve into a self-organized

critical (SOC) state characterized by power-law distributed

shear avalanches, which is closely related with multiple

shear bands interaction during deformation.15 Furthermore,

the serrated flow is found to depend strongly not only on

some external testing conditions such as strain rate and tem-

perature but also on some internal conditions including elas-

tic moduli and specimen geometry.23,24 Therefore, the

serrated flow can directly reflect the temporal behavior of

shear banding and characterize the dynamic properties of

shear bands during plastic deformation.

In this study, we attempt to understand the relationship

between the plastic deformation mechanism and the serrated

flow dynamics through their variation during a brittle-to-ductile

transition induced by the changing sample aspect-ratio of a typ-

ical Zr64.13Cu15.75Ni10.12Al10 BMG. By performing a series of

compression tests with different aspect ratios and serration sta-

tistical analyses for the BMG, we find a transition from chaotic

dynamics to the SOC dynamics, which corresponds to the tran-

sition from the single shear band motion to the activation of

multiple shear bands, macroscopically corresponding to the

brittle-to-ductile transition. The plastic deformation mechanism

in BMG is discussed in terms of the serrated flow dynamics

behaviors.

II. EXPERIMENTAL

Master alloy with a nominal composition of Zr64.13

Cu15.75Ni10.12Al10 [in atomic present (at. %)] was prepared

by arc melting pure elements under a Ti-gettered purified

argon atmosphere. Homologous rod-shape samples with a

diameter of 3 mm were prepared by suction casting a master

alloy ingot into a water-cooled copper mold. The details of
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the preparation of the BMG are referred to in Ref. 13. The

glassy nature was verified by X-ray diffraction (XRD) and

differential scanning calorimetry (DSC) with a heating rate

of 20 K/min. The samples for compression were cut from the

same rod by the diamond saw with different aspect-ratios A
of 0.47, 0.56, 0.67, 0.73, 0.88, 0.91, 0.95, 0.99, 1.01, 1.03, 1.12,

1.35, and 1.80, respectively. The upper and bottom surfaces

of the samples were carefully polished using a designed

grinding apparatus to ensure parallelism. Compression tests

were carried out on an Instron electromechanical 3384 test

system at the strain rate of 2� 10�4 s�1 at room temperature

with a data acquisition frequency of 30 Hz. After deforma-

tion, the fractography of the deformed samples was observed

using a Hitachi S-4800 scanning electron microscope

(SEM).

III. RESULTS AND DISCUSSION

Figure 1 presents the typical true stress-strain curves of

Zr64.13Cu15.75Ni10.12Al10 BMG with different aspect ratios,

A. For samples with small aspect-ratios from 0.47 to 0.73,

compression is stopped deliberately when plastic deforma-

tion approaches 40%–50%. It can be seen that the yielding

strength gradually increases when the aspect ratio decreases

in accordance with the previous observation of Wu et al.25

Shown in the inset of Fig. 1, a brittle-to-ductile transition

occurs when the aspect-ratio A decreases: when the aspect-

ratio approximates 2:1, the samples fail in a brittle manner

without plastic deformation; while the aspect-ratio decreases,

the plasticity gradually increases and finally the BMG sam-

ple can be compressed into a flake without catastrophic frac-

ture. We note that the critical aspect-ratio for brittle-to-

ductile transition is sensitive to the aspect-ratio, the strain

rate, temperature, composition, and other testing condi-

tions.11,14 The critical aspect-ratio changes from 0.4 to 0.9

with a strain rate changing from 2� 10�1 s�1 to 10�6 s�1

(Ref. 14). To focus on the study of the serrated flow

dynamics during a brittle-to-ductile transition induced by

changing the aspect-ratio, all our compression tests were car-

ried out with the same strain rate of 2� 10�4 s�1 at room

temperature.

All the samples with different aspect ratios exhibit ser-

rated flow behavior as characterized by repeated cycles of a

rapid stress drop followed by elastic reloading.26 A close ex-

amination reveals that the serrated flow behavior changes

with aspect ratio. As shown in Fig. 2(a), the serrations for

ductile samples with aspect ratio A¼ 0.73 display multifari-

ous sizes characterized by massive small serrations before a

relatively larger serration, which are more complex than that

of the brittle ones such as the one with A¼ 1.03. Meanwhile,

the serration size for the ductile one is smaller than that of

the brittle one. To systemically characterize the serrated flow

behavior, we measured the magnitude of stress drops (Drs)

and then perform the statistical analysis on the data. Because

the serrations in the initial stage of plastic deformation

mainly originate from the formation of the shear band,17 we

only selected data of steady state serrated flow for statistics.

Before the statistics, a normalization of subtracting the linear

fitting from the elastic deformation region has to be done to

rule out the influence of stress vibrations induced by the test-

ing machine. As shown in Fig. 2(b), serrations with a stress

drop magnitude less than 0.5 MPa are abandoned in the sub-

sequent statistical analysis.15 Meanwhile, as shown in Fig.

2(c), the stress drop magnitude gradually increases with

time. This ascending trend of Drs versus time results from

the slowly expanding of cross-sectional area, which is a geo-

metric effect induced by sample barreling during compres-

sion and does not reflect the nature of shear band

dynamics.6,15 Through a linear fitting on stress drop magni-

tude versus time, Drs ¼ f ðtÞ, the baseline of Drs versus time

is flattened out by s ¼ Drs

f ðtÞ=f ðt0Þ [see Fig. 2(d)], where f(t0) is

the fitted value at the starting time t0 of statistics.15 We note

that both the stress drop and the elastic energy density stored

in the serrated event can be the equivalent index for reflect-

ing the serrated flow dynamics in glasses. The stress drop

magnitude is in proportion to the shear bands displacement

in a serrated event and the statistics of the stress drop magni-

tude can reflect the distribution of shear bands displacement,

which is closely related to the mechanical behavior of the

metallic glasses. To study the serrated flow dynamics during

a mechanical behavior of brittle-to-ductile transition, we

chose the stress drop to characterize the serrated flow behav-

ior; thus, we can more directly reflect the origin of serrated

flow induced by the mechanical behavior in these glasses.

Figure 3 exhibits the average normalized stress drop

magnitude �s as a function of A. It is evident that the �s
increases with increasing aspect ratio A. The burst of serra-

tions is closely related to properties of the sample and testing

conditions.27,28 Based on the principle of energy balance and

shear banding dynamics, the stress drop magnitude could be

an indicator of the shear band stability.29 In the perspective

of single shear band dynamics,23 the sample aspect-ratio

influences the intrinsic dynamic instability of steady-state

shear band sliding. As sample height decreases, the stress

drop amplitude descends and finally disappears at a critical

FIG. 1. True stress-strain curves (strain rate¼ 2� 10�4 s�1) of Zr64.13

Cu15.75Ni10.12Al10 with different aspect ratios. Inset is a schematic diagram

of the brittle-to-ductile transition induced by decreasing aspect ratio.
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height. After that, non-serrated flow dominates because shear

banding tends to be more stable. In the case of multiple shear

bands interaction, although serrated flow is more complex,

the shear bands often follow the same critical instability con-

ditions as the single shear band motion.30 Therefore, with the

same cross-sectional area, the smaller the sample aspect ra-

tio, the more stable the shear banding.

The curve of mean stress drop magnitude versus aspect

ratio A could be divided into two parts. When the sample

aspect-ratio is relatively larger (blue dashed line in Fig. 3),

the changing rate of the �s with the aspect ratio A is larger

than that with the smaller aspect-ratio (red dashed line in

Fig. 3), and a transformation region between these two

parts appears. The change in slope indicates the existence

of plastic deformation mechanism transition as the sample

aspect-ratio decreases. To characterize this phenomenon, the

statistical analysis of stress drop magnitude is applied. Figure 4

shows the distribution histograms of normalized stress drop

FIG. 3. Curve of mean normalized stress drop magnitude �s as a function of

aspect ratio A. The dashed lines in blue and red are the guide for the eyes.

FIG. 4. The distribution histograms of statistical number N(s) versus normal-

ized stress drop magnitude s for samples with different aspect ratios of (a)

1.12, (b) 0.91, and (c) 0.73. (d) Logarithmic plot of the cumulative probabil-

ity distribution P of stress strops versus stress drop magnitude s for the sam-

ple with aspect ratio of 0.73. Red line is the fitting curve of a power-law

distribution with an exponential decay function.

FIG. 2. (a) Comparison of serration

behavior of samples with height of

3.10 mm and 2.00 mm, showing the

stress drop of a serration. (b) Stress

vibrations due to the environmental

noise detected from the elastic region;

stress drops less than 0.5 MPa are con-

sidered. (c) The curve of stress drop

magnitude Drs versus time t, where

the red line is the linear regression fit

and the fitting value at the starting time

f(t0) is labeled. (d) The curve of nor-

malized stress drop magnitude s versus

time t.
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magnitude s for the samples with different aspect ratios,

where N(s) denotes the corresponding statistical number of s.

The distribution histograms correlate closely with the aspect

ratio as well as plasticity of the BMG. As shown in Fig. 4(a),

for samples with the relative larger aspect ratio and plastic

strain less than 5% (see in Fig. 1), most of the stress drop

values fall in the range of 35–65 MPa and the distribution

histogram displays a peak shape, which displays the feature

of Gaussian-like distribution, indicating that the stress drop

magnitude has a characteristic length scale, which often has

a chaotic dynamic state by the time series analysis.31 In crys-

talline materials, this kind distribution of stress drops is often

termed as Portevin-Le Chatelier (PLC) effect, and the cha-

otic stick-slip originated from the pinning and reactivation of

dislocations occurs.32 In BMGs, the Gaussian-distributed

serrated flow can be attributed to the stick-slip dynamics of

single shear band, which reflects intrinsic dynamic instability

of shear banding.23

In contrast to the serrations of the large aspect-ratio

samples, as shown in Fig. 4(c), the distribution of stress

drops for shorter samples with aspect ratio of 0.47, 0.56,

0.67, and 0.73, which can undergo large compression defor-

mation (see in Fig. 1), is more complex and shows a decreas-

ing trend. The percentage of stress drop magnitudes larger

than a certain value, i.e., the cumulative probability distribu-

tion P, is calculated33 and the calculated results are shown in

Fig. 4(d). The curve of P versus s can be well fitted by a

power-law distribution with an exponential decay function

of

P ¼ Bs�b exp½�ðs=scÞ
2�; (1)

where B is a normalized constant, b is the scaling exponent

with a fitting value of 0.215, and sc is the cut-off stress drop

value fitted by 6.42 MPa, which characterizes the starting

point of the exponential decay factor dominating. The fitting

curve suggests that the distribution of stress drops for sam-

ples with small aspect ratio essentially follows a power-law

distribution up to the critical value sc, after that the exponen-

tial decay factor takes effect. The deviation at larger s may

arise from the size limited effect,34 and the stress drop mag-

nitude is only restrained by finite size of the system. The

power-law distribution is often a signal of SOC phenomenon

and suggests that the serration size is scale-free, which

means that the microstructures at different length scales are

similar. The SOC phenomenon implies that the system can

buffer larger disturbance by dissipating external effect

through cooperated motion of connected participants. In the

case of BMGs, the relationship between SOC phenomenon

with plasticity has been established,15 and the occurrence of

SOC implies the collective motion of multiple shear bands.

As shown in Fig. 4(b), when the aspect ratio is in the

transformation region, the plasticity is partly enhanced, but

the distribution histogram of stress drop magnitude is com-

plex. As A decreases, a transition trend from Gaussian dis-

tribution to power-law distribution in histogram occurs,

which implies a transition in deformation mechanism

occurs. It means that in the perspective of serrated flow dy-

namics, the shear band dynamics changes from chaotic state

to self-organized critical state with sample aspect-ratio

decreasing, implying that the deformation mechanism

changes from single shear band stick-slip motion to collective

motion of multiple shear bands. This change in deformation

mechanism accounts for the observed brittle-to-ductile

transition.

To directly probe shear band behavior, SEM photo-

graphs of side surfaces for samples with different aspect

ratios are shown in Figs. 5(a)–5(c), which correspond to the

distribution histograms in Figs. 4(a)–4(c), respectively. For

the samples with very limited plasticity, only one dominant

shear band is visible in Fig. 5(a), which corresponds to the

stick-slip dynamics of single shear band characterized by

Gaussian distributed stress drop magnitude. For the samples

in the transformation region with enhanced plasticity shown

in Fig. 5(b), the existence of some paralleled secondary shear

FIG. 5. SEM photographs of side surfaces for samples with aspect ratio of

(a) 1.12, (b) 0.91, and (c) 0.73.
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bands besides the dominate shear band hints the transition in

the plastic deformation mechanism. As shown in Fig. 5(c),

secondary shear bands, cracks between shear bands and mas-

sive shear bands paralleled to the surface due to friction

between specimen and platen can be observed in the samples

with small aspect-ratio, and these activated multiple shear

bands lead to the stable large plasticity. The SEM photo-

graphs consist well with our statistical analysis of the ser-

rated flow dynamics and the change of plastic deformation

mechanism during the brittle-to-ductile.

IV. CONCLUSION

In summary, our results show that, corresponding to a dis-

tinct brittle-to-ductile transition with the sample aspect ratio

decreasing, the dynamics of serrated flow in the Zr64.13Cu15.75

Ni10.12Al10 metallic glass transforms from a chaotic state char-

acterized by Gaussian-like distributed serrations into a self-

organized critical state featuring power-law distribution of

shear avalanches. The transition of the dynamic serrated flow

behavior indicates the plastic deformation mechanism changes

from single shear band stick-slip motion to collective motion

of multiple shear bands as aspect ratio decreases. The correla-

tion found between the serrated flow dynamics and plasticity

in BMG is helpful for the understanding the mechanism of

plastic deformation in BMGs and may have implication for

designing metallic glasses with large plasticity.
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