
Revealing flow behaviors of metallic glass based on activation of flow units
T. P. Ge, W. H. Wang, and H. Y. Bai 
 
Citation: Journal of Applied Physics 119, 204905 (2016); doi: 10.1063/1.4952737 
View online: http://dx.doi.org/10.1063/1.4952737 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/119/20?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Understanding the correlations between Poisson's ratio and plasticity based on microscopic flow units in metallic
glasses 
J. Appl. Phys. 115, 123507 (2014); 10.1063/1.4869548 
 
Serrated flow behaviors of a Zr-based bulk metallic glass by nanoindentation 
J. Appl. Phys. 115, 084907 (2014); 10.1063/1.4866874 
 
Temperature dependent dynamics transition of intermittent plastic flow in a metallic glass. II. Dynamics analysis 
J. Appl. Phys. 114, 033521 (2013); 10.1063/1.4815944 
 
Evidence for viscous flow nature in Zr60Al15Ni25 metallic glass subjected to cold rolling 
Appl. Phys. Lett. 103, 021907 (2013); 10.1063/1.4813497 
 
Signature of viscous flow units in apparent elastic regime of metallic glasses 
Appl. Phys. Lett. 101, 121906 (2012); 10.1063/1.4753813 
 
 

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  159.226.37.193 On: Thu, 26 May 2016

15:02:09

http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/579563753/x01/AIP-PT/JAP_ArticleDL_051816/APR_1640x440BannerAd11-15.jpg/434f71374e315a556e61414141774c75?x
http://scitation.aip.org/search?value1=T.+P.+Ge&option1=author
http://scitation.aip.org/search?value1=W.+H.+Wang&option1=author
http://scitation.aip.org/search?value1=H.+Y.+Bai&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.4952737
http://scitation.aip.org/content/aip/journal/jap/119/20?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/115/12/10.1063/1.4869548?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/115/12/10.1063/1.4869548?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/115/8/10.1063/1.4866874?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/114/3/10.1063/1.4815944?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/103/2/10.1063/1.4813497?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/101/12/10.1063/1.4753813?ver=pdfcov


Revealing flow behaviors of metallic glass based on activation of flow units

T. P. Ge, W. H. Wang, and H. Y. Baia)

Institute of Physics, Chinese Academy of Sciences, Beijing 100190, People’s Republic of China

(Received 22 March 2016; accepted 14 May 2016; published online 26 May 2016)

Atomic level flow plays a critical role in the mechanical behavior of metallic glass (MG) while the

connection between the flow and the heterogeneous microstructure of the glass remains unclear.

We describe the heterogeneity of MGs as the elastic matrix with “inclusions” of nano-scale liquid-

like flow units, and the plastic flow behavior of MGs is considered to be accommodated by the flow

units. We show that the model can explain the various deformation behaviors, the transformation

from inhomogeneous deformation to homogeneous flow upon strain rate or temperature, and the

deformation map in MGs, which might provide insights into the flow mechanisms in glasses and

inspiration for improving the plasticity of MGs. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4952737]

I. INTRODUCTION

Metallic glasses (MGs) have a unique mechanical per-

formance such as high strength, high hardness, large elastic

limit, and good wear resistance, which has potential functional

and structural applications. Due to the liquid-like long-range

disordered structure and the lack of defects of dislocations in

crystalline solids, the flow of MGs is usually localized in nano-

scaled regions of shear bands,1–5 which leads to limited plastic

flow or macroscopic brittle behavior. The inhomogeneously

localized flow in MG can transform into the homogeneous

flow at some conditions such as low strain rate or approaching

the glass transition temperature (Tg),6–8 which makes the MGs

have the superplastic forming ability.9,10 However, the mecha-

nism of the flow behaviors as well as their relationship with

the heterogeneous structure of the metallic glass remains

unclear. Some models based on the mean field theory11–21

have been proposed to understand the connection between the

property and the flow deformation in MGs while these models

cannot explain the relation between the property and its micro-

scopic structure. Recently, the heterogeneity of MGs has been

confirmed by experiments and simulations.21–32 To character-

ize the structural heterogeneity, the flow units concept18 is

introduced to describe the structural heterogeneity and to

explain the mechanical behaviors of MGs. The flow units are

the liquid-like regions embedded in the elastic matrix of MGs

with a lower activation energy and can be activated easily by

temperature or stress,6,33 which can carry the deformations,

relaxations, rejuvenation, and mechanical and physical proper-

ties of MGs.34–39

In this article, we investigate the microscopic mecha-

nism of flow deformation in a La60Ni15Al25 metallic glass in

the perspective of the flow unit concept. We describe the het-

erogeneity of MG with the flow unit model and consider the

plastic flow of MG to be accommodated by these flow units.

We show that the model can explain the different deforma-

tion behaviors of MG and build a deformation map to exhibit

the transformation from inhomogeneous to homogeneous

deformations upon strain rate or temperature.

II. EXPERIMENTAL

We used a La60Ni15Al25 MG as a model system to

investigate the flow in MGs. The alloys were prepared by arc

melting the constituent elements with a purity of at least 99.9

at. % in a Ti-gettered argon atmosphere. The cylindrical

samples of 2 mm in diameter were prepared by suck casting

the ingots into a water-cooled copper mold. The amorphous

structure was confirmed by X-ray diffraction (XRD) and dif-

ferential scanning calorimetry (DSC). Samples for compres-

sion tests with 4 mm in length were cut from the rod, and the

samples were initialized by using DSC to guarantee that all

the samples were in the same initial state. The samples were

heated up to 488 K and then cooled down to 313 K in the

same rate of 20 K/min. The uniaxial compression was carried

with different strain rates by using an electro-mechanical

testing machine (Instron electromechanical 3384 test system)

at 413 K (�0.9Tg). The samples were kept at this tempera-

ture for 10 min before compression to make sure the temper-

ature was stable.

III. RESULTS AND DISCUSSION

Figure 1 shows the engineering stress-strain (SS) curves

of La60Ni15Al25 at 413 K (�0.9Tg) with different strain rates.

One can see that the deformation behaviors of MGs are sen-

sitively depended on the strain rate. If the strain rate is rela-

tively high, the MG likes a spring and behaves elastically in

its elastic region, and the applied stress is proportional to the

strain. When the applied stress is larger than the yielding

stress, the MG behaves macroscopically pure brittle and will

fracture immediately after the elastic deformation (the black

curve in Fig. 1). If the strain rate is relatively low, the MG

will behave like Newtonian flow, which can be described by

the Maxwell model: _c ¼ _r
Eþ r

g, where _c is the strain rate, _r is

the stress rate, E is the Young’s modulus, and g is the viscos-

ity. For the appropriate strain rate, the behavior of the flow

in MG is non-Newtonian, which shows both elastic behavior
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before yielding and plastic flow behavior after yielding.

These different flow behaviors, presenting the change of the

inherent structure of the glass, are hard to be explained by

the mean field theory.

The MGs cannot be solely described using a Maxwell

model due to the existence of both the elastic matrix and the

liquid like regions or flow units in MGs.26–39 So, the three-

parameter viscoelastic model,26,34 as shown in Fig. 2(a), is

applied to explain the mechanical behaviors of the elastic

matrix and the flow units during deformations of MGs. In the

three-parameter viscoelastic model, the elastic matrix is

represented by a spring with modulus E1, and the flow unit is

represented by the tandem of a spring and a dashpot with

modulus E2 and viscosity g, respectively. We assume that

the MG consists of flow units with a fraction of c and then

the concentration of elastic matrix is (1–c). Thus, the total

stress r, which is assumed to be the sum of the accommo-

dated stress of the elastic matrix re and flow units rf, can be

expressed as

r ¼ ð1� cÞre þ crf : (1)

We applied Eq. (1) to describe the deformation behavior of

MGs, which is assumed to be constituted of the elastic ma-

trix and the flow units.

The previous investigations on the fractions of flow

units and free volumes in metallic glasses show that the flow

units and the free volumes have a strong connection, and

there is a linear relationship between the concentration of the

free volumes and the flow units in MGs.40–42 The free vol-

ume defect concentration cf can be described by the rate

equation40 dcf

dt ¼ �krcf ðcf � cf ;eqÞ, where t is the time, and kr

and cf,eq are the constants. We assume that the fraction of

flow units c has a linear relation with cf and can also be

described with the rate equation

dc

dt
¼ �k c� c0ð Þ c� cmaxð Þ; (2)

where k is the rate constant depending on the activation

energy, c0 and cmax are the lower and upper limit of c,

respectively. The SS curve of the elastic matrix follows

FIG. 1. The engineering stress strain curves of La60Ni15Al25 metallic glass under

strain rates of 5 � 10�4, 2 � 10�4, 1 � 10�4, 5 � 10�5, 2 � 10�5, 1 � 10�5,

and 5� 10�6 s�1.

FIG. 2. (a) A sketch of the three pa-

rameters model, which described MG

as a spring and a Maxwell model con-

nected in parallel. (b) An example of

the calculated SS curves of the elastic

matrix (blue line), flow units (red line),

and the La60Ni15Al25 MG with a strain

rate of 5 � 10�5/s (the black line). The

magenta dashed line is the fraction of

flow units. (c) The calculated SS

curves with different fitting values of

k. The black solid line is the experi-

mental SS curve with a strain rate of

5� 10�5/s. (d) The values of c0, cmax

and k at different strain rates. The

dashed line is the linear fit of c0. The

solid lines are the guidelines for

the eyes.
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re¼ cE1, where c is the strain and E1¼ 29.2 GPa, which is

obtained from the SS curve with a strain rate of 5 � 10�4/s

[see the blue line in Fig. 2(b)]. For flow units, rf¼ rs(1-exp

(-E2c/rs)), where rs¼ 334.3 MPa is the stable flow stress,

and E2¼ 14.71 GPa, which are obtained from the SS curve

with a strain rate of 5 � 10�6/s [see the red line in Fig. 2(b)].

The dashed magenta curve in Fig. 2(b) is the evolution of c
upon strain described by Eq. (2). Based on the curve of re,

rf, and c upon strain, we can fit the SS curves using Eq. (1)

as the black curve shown in Fig. 2(b). The parameters in Eq.

(2) are adjusted to make the best fit with the experiment SS

curve. Figure 2(c) shows the calculated SS curves with dif-

ferent values of k in comparison with the experiment SS

curve with a strain rate of 5 � 10�5/s. Obviously, the fitting

curve with k¼ 0.0075 fits best with the experiment SS curve.

The other parameters c0 and cmax are also determined. Thus,

we can fit the SS curve at a strain rate of 5 � 10�5/s using

Eq. (1) and get the fitted c value, as shown in Fig. 2(b).

When different strain rates are applied, the MGs show differ-

ent deformation behaviors and display different values and

evolution of c upon strain, and the parameters in Eq. (2) also

change with the strain rate. Figure 2(d) shows the fitted val-

ues of these parameters under different strain rates. Using

these parameters, we get the evolution curves of c upon

strain under different strain rates as shown in Fig. 3(a), and

the calculated SS curves of MGs using Eq. (1) under differ-

ent strain rates.

As shown in Fig. 3(a), the fraction of flow unit c changes

with strain rate, which determines the mechanical properties

of MGs. The changing tendency of c upon strain rate is

roughly consistent with the experimental results.43–48 The

corresponding calculated SS curves under different strain

rates based on flow units model and Eq. (1) are shown in

Fig. 3(b). Under a higher strain rate, the fraction of the acti-

vated flow units is smaller and the modulus and strength

become higher according to Eq. (1). On the contrary, the

lower strain rate can activate more flow units, and the MGs

become more liquid-like with lower modulus and strength.

When the strain rate is high enough, there are no activated

flow units and c approaches zero,6 and in this case, the MGs

cannot flow and crack immediately after yielding. When the

strain rate is low enough, there is no overshoot in the SS

curve and the Newtonian flow happens. The calculated SS

curves under different strain rates based on flow units model

and Eq. (1) are in good accordance with experimental obser-

vation shown in Fig. 1, indicating that the flow unit model

can well describe the deformation behaviors in MGs.

Based on Eq. (1), the c has a direct connection with the

mechanical property of MGs, and the mechanical properties

can be assumed as being contributed by both the elastic ma-

trix and the flow units, and can be expressed as the combina-

tion effect of liquid-like regions of flow units and solid-like

regions of the elastic matrix in a MG. For example, the

Young’s modulus, E, and the yielding strength, ry, both

change with the fraction of flow units of c in MGs, can be

regarded as the linear superposition of that of the elastic ma-

trix and flow units with following linear relationship:

E ¼ Eeð1� cÞ þ Ef c; (3)

ry ¼ reð1� cyÞ þ rf cy; (4)

where cy is the fraction of flow units at the peak of the over-

shoot in SS curves. Figure 4 shows the relationship between

Young’s modulus, yielding strength, and c. The circle points

in Fig. 4 display the experimental Young’s modulus s under

different strain rates evaluated with E¼r/c, and the values

FIG. 3. (a) The calculated c vs. strain

at different strain rates. (b) The calcu-

lated SS curves at different strain rates

using Eq. (1).

FIG. 4. The relationship between properties of MGs and the fraction of

flow units. The circle points are Young’s Modulus vs. the fraction of flow

units at 1% strain and the triangle points are yielding strength vs. the frac-

tion of flow units at the peak of the overshoot. The colors of these points

show their corresponding strain rates. The dashed lines are the linear fits of

these points.
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of stress r and strain c are obtained from the points with 1%

strain in the SS curves. The triangle points showing the ex-

perimental yielding strengths under different strain rates are

the stress at the peak of the overshoot in these SS curves.

One can see that both the E and ry of the MG show a linear

relationship with the fraction of the flow units and can be

well fitted using Eqs. (3) and (4), indicating that our flow

unit model can describe the mechanical properties of

strength and elastic modulus of MGs.

The flow unit model can also be used to describe the de-

formation map in MGs. Under relative high strain rate, the

MG behaves inhomogeneous deformation due to the value of

c approaches zero in the elastic region. That is, c0, the lower

limit of c, should be zero. Under very low strain rates, the

MG shows Newtonian flow, and c and c0 approach one. The

linear fit of the relationship between c0 and strain rate in Fig.

2(d) can be used to evaluate the critical strain rates. When

c0¼ 0, the corresponding strain rate is 2.4 � 10�4/s, which is

the critical strain rate between inhomogeneous deformation

and homogeneous flow. When c0¼ 1, the corresponding

strain rate is 10�6/s, which is the critical strain rate between

non-Newtonian flow and Newtonian flow. At appropriate

strain rates, the non-Newtonian flow happens, where the

elastic matrix changes to flow units gradually. The deforma-

tion behavior evolution of MG is actually determined by the

amount of the flow units activated by strain or temperature,

which well correspond to the experimental deformation or

flow map.

IV. CONCLUSION

The MGs can be simplified to be the elastic matrix with

“inclusions” of liquid-like flow units, and the deformation of

MGs can be treated as the combination of elastic deforma-

tion of the matrix and liquid-like flow of flow units. The flow

unit concept can explain the deformation behaviors of MGs

including the transformation from inhomogeneous deforma-

tion to homogeneous flow upon strain rate or temperature,

and the deformation map. This work assists in understanding

the deformations in MGs and may also give some inspira-

tions in improving the plasticity of MGs.
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