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In metallic glasses (MGs), a clear correlation has been established between plasticity and the

Poisson’s ratio. Such a correlation between the two distinctive macroscopic mechanical properties

is challenging to explain from a microstructure perspective. We studied the microstructural origin

of the Poisson’s ratio and plasticity criterion in various MGs and find a correlation between the

relative concentration of flow units and Poisson’s ratio: the MGs with higher concentration of flow

units show a larger Poisson’s ratio and better plasticity. We have explained the empirical

correlation between ductility and the Poisson’s ratio based on microscopic flow units in MGs.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4869548]

I. INTRODUCTION

In crystalline metals and alloys, the knowledge of defor-

mation and fracture is gained by systematic experimental

and simulation studies, which correlate microstructure and

mechanical properties.1,2 However, the lack of a periodic

structure and the inability to conduct systematic parametric

studies are the main impediments for gaining such knowl-

edge in metallic glasses (MGs). Recently, a clear correlation

between Poisson’s ratio � and plastic deformation in MGs

with diverse systems, compositions, and significant disparity

in toughness and plasticity has been established.3–7 From

this criterion, the intrinsic plasticity or brittleness of MGs is

related with the value of Poisson’s ratio, which is equivalent

to the ratio of the bulk modulus K to the shear modulus G.

The higher Poisson’s ratio or lower G/K ratio is predicted to

result in higher toughness or plasticity in MGs,4,5 because

the small ratio of G/K causes the extension of the tip of a

shear band rather the initiation of a crack, and this results in

the formation of multiple shear bands and high global

ductility.3–7 This correlation has benefits including better

understanding of the plastic and elastic deformations and

fracture mechanisms, as well as providing a strategy in the

design of a glass with improved performance in

applications.8–13 However, the structural origin and the fun-

damental mechanism for the Poisson’s ratio and plasticity

criterion are not fully understood yet even though the

Poisson’s ratio has been widely used to search the tough

MGs. The Poisson’s ratio and plasticity criterion does not

capture the essential features of the structural mechanism of

plasticity in MGs, and a comprehensive description for the

plastic flow behaviors of MGs requires the understanding of

the interplay between their structure and properties.

In parallel with the development of the Poisson’s ratio

and plasticity correlation, a revelation from various experi-

mental studies shows that the microstructural heterogeneity

plays nontrivial roles in the observed mechanical properties of

MGs.14–20 The MG can be regarded as a composite with solid

like regions, which are the source of elasticity, and another

liquid like regions with less stress resistance.19–31 The liquid

like regions can be activated to form the flow units which are

embodied in the elastic matrix and accommodate the plastic

deformation in MGs.20–30 The flow units are a group of atoms

exhibiting a lower packing density, a higher energy dissipa-

tion rate, and lower modulus, and at high energy states in the

energy landscape.20–30 The flow units are found to play nontri-

vial roles in determining and controlling the properties and the

performance of MGs, such as elastic properties, density, glass

transition, relaxations, and mechanical properties.19–30

Therefore, the implication can be drawn that the flow units

might have possible relation to the empirical Poisson’s ratio

and plasticity correlation, and provide insight into microstruc-

tural understanding on the correlation.

Along this idea, in this work, we studied the density of

the flow units of a series of MGs with various plasticity and

Poisson’s ratio by annealing the MGs at the same normalized

glass transition temperature Tg because the isothermal

annealing can tune the density of flow units.21–23 The varia-

tions of elastic moduli including K, G, �, and the relative

concentration of flow units of these MGs are monitored dur-

ing the structural relaxation. We show these two apparently

universal phenomena in MGs: plasticity with Poisson’s ratio

and concentration of flow units are related.

II. EXPERIMENTAL

The various MGs we studied were prepared by arc-

melting the mixture of the elements under a Ti-gettered ar-

gon atmosphere and then sucked in a water cooled copper

mold to get the 2� 10� 100 mm glassy plates. The fully

glassy structures of the as-cast and annealed samples were

verified by the differential scanning calorimetry and X-ray

diffraction. The annealed samples were obtained by anneal-

ing the as-cast samples encapsulated in a quartz crucible

with vacuum of 10�4 Pa, at a normalized 0.8 Tg for each MG

for 48 h. Elastic constants of the MGs, including Yong’s

modulus E, G, and �, were measured using resonant ultra-

sound spectroscopy (RUS). Rectangle samples about

2� 2.5� 4 mm with known volume and mass were placed
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between the piezoelectric transducers, and the two independ-

ent elastic constants C11 and C44 for each alloy were

obtained and used to calculate the elastic moduli. The elastic

moduli of the various MGs are listed in Table I. Specimens

about 4 mm long and 2 mm in diameter were cut from MG

rods and then carefully ground into compression specimens

with an aspect ratio of 2:1. Uniaxial compression tests were

performed with an Instron 3384 electromechanical test system

at a constant strain rate of 1� 10�4 s�1 at room temperature.

III. RESULTS AND DISCUSSIONS

Figure 1 presents the plasticity against Poisson’s ratio

for ten various MGs with diverse compositions and mechani-

cal properties. It can be seen that the plasticity is clearly cor-

related with the Poisson’s ratio in these typical MGs. The

MGs with larger value of Poisson’s ratio have better plastic-

ity. For example, a Mg-based MG with a low Poisson’s ratio

of 0.307 shows very brittle fracture, while for a Zr-based

MG with a high Poisson’s ratio of 0.382, its plastic strain can

reach as high as 32%.32 There does exist a critical Poisson’s

ratio value, and above the value, the fracture mechanism

changes from brittle to ductile.

Metallic glasses undercooled from the liquid are in a

metastable state and tend to undergo structural rearrange-

ment alternatively the activation of the flow units when

excited by external agitations either in the form of stress or

temperature.19–30 During the process of annealing much

below Tg, the properties such as elastic moduli, hardness,

and density will be changed arising from the annihilation of

the “defect” or the flow units in MGs.21–30 According to the

flow unit model, the flow unit in MGs is generally perceived

to be a local rearrangement of atoms that are microstructural

origin for plastic deformation and relaxations in MGs, and a

relationship of the effective concentration of flow units c and

the properties such as shear modulus G of MGs can be

expressed as21–24

G ¼ G1=ð1 þ cÞ; (1)

where the G1 is the shear modulus of the MG when anneal-

ing time approaches unlimited, which is roughly equal to the

shear modulus of the corresponding perfect crystal of a crys-

tallized MG.33,34 Based on Eq. (1), the relative concentration

change of effective flow units Dc in a MG can be reflected

by the change of the shear modulus after isothermal anneal-

ing as

Dc / ðGa � G0Þ=G0; (2)

where the G0 is the shear modulus of the as-cast MG, and the

Ga in our case is the shear modulus of the MG annealed for

48 h. The value of Dc reflects the relative density of the

effective flow units of a MG in the as-cast state.23,24,33,34

We then compare the relationship among the plasticity,

Poisson’s ratio, and the relative concentration of flow units

of the MGs in as-cast state. Figure 2 is the plot of relative

concentration of flow units and plasticity of various MGs in

as-cast state. We can see that the plasticity and Dc follow the

same change trend in these MGs, and the MG with high con-

centration of flow units has better plasticity. Figure 3 is the

plot of the Poisson’s ratio vs. the change of the shear modu-

lus, or the change of the relative concentration of flow unit

Dc for various MGs in as-cast state. There is also a roughly

linear correlation between these two parameters. That is the

MG with higher Poisson’s ratio has higher concentration of

the flow units because the same isothermal annealing condi-

tion can annihilate more flow units in a MG with higher

Poisson’s ratio. This indicates that the value of Poisson’s ra-

tio in a MG is partly dependent on the relative concentration

FIG. 1. The correlation of room-temperature comprehensive plasticity and

Poisson’s ratio for ten as-cast MGs with diverse compositions and

properties.

TABLE I. Summary of elastic properties for various MGs. G0 and � are the shear modulus and Poisson’s ratio of MGs in as-cast state. The Ga is the shear

modulus of the MGs annealed for 48 h at 0.8 Tg.

Composition G0 (GPa) Ga (GPa) (Ga � G0)/G0 (%) Poisson’s ratio �

Mg65Cu25Tb10 20.41 6 0.23 20.57 6 0.04 0.81 6 0.39 0.307 6 0.003

Mg65Cu25Gd10 19.82 6 0.10 19.97 6 0.03 0.72 6 0.41 0.308 6 0.008

Ce68Al10Cu20Co2 11.18 6 0.09 11.41 6 0.03 2.26 6 0.40 0.336 6 0.006

La55Al25Co20 15.46 6 0.05 15.90 6 0.03 2.82 6 0.10 0.353 6 0.003

Cu46Zr46Al8 34.52 6 0.05 35.61 6 0.03 3.16 6 0.16 0.370 6 0.002

Cu48Zr48Al4 32.00 6 0.09 33.06 6 0.09 3.34 6 0.10 0.381 6 0.002

Cu45Zr47Al7Fe1 33.75 6 0.13 34.86 6 0.21 3.30 6 0.41 0.360 6 0.002

Zr56Co28Al16 33.89 6 0.05 35.19 6 0.08 3.84 6 0.25 0.369 6 0.002

Cu47.5Zr47.5Al5 32.41 6 0.22 33.76 6 0.13 4.22 6 0.34 0.377 6 0.003

Zr46 Cu45Al7Ti2 33.61 6 0.09 35.33 6 0.06 5.04 6 0.20 0.383 6 0.003
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of effective flow units. Ichitsubo et al.35 estimated the mac-

roscopic elastic constants using the effective-mean-field

theory for the model MG composed of strongly bonded

regions and weakly bonded regions, and found that a very

small amount increase of weakly bonded regions exist in the

strongly bonded regions can arouse markedly decrease in

Poisson’s ratio. This result also demonstrates the weakly

bonded regions or flow units can significantly affect the

value of Poisson’s ratio in a MG, which is consistent with

our observations. Therefore, based on our above results, the

Poisson’s ratio criterion for the plasticity intrinsically

actually reflects the effect of the concentration of flow units

on the plastic deformation of a MG. In other words, the plas-

ticity of a MG is determined by its density of flow units, and

the MG with high density of flow units will have higher

value of Poisson’s ratio and larger plasticity. The results also

suggest that any MG can be ductile or brittle if it has enough

high or low concentration of flow units.36 Therefore, the

results indicate that the flow unit is a key structural parame-

ter for understanding and controlling the plasticity of MGs.

For a MG with larger Poisson’s ratio, it has more flow units

and will show better plasticity; for a MG with lower

Poisson’s ratio, it has less density of flow units and shows

poor plasticity.

The correlation between Poisson’s ratio and Dc is helpful

for plastic MG designing through increase the concentration of

flow units or liquid like regions in a MG. For example, a

La68.5Ni16Al14Co1.5 MG with remarkable high concentration

of flow units had been developed, and it indeed exhibits a large

global plasticity, even the pronounced macroscopic tensile

plasticity near room temperature, because high density of flow

units activated in the MG can alleviate the strain localization

and more homogenously accommodate the plastic deforma-

tion.37 The correlation between Poisson’s ratio and Dc can also

explain the widely observed embrittlement by annealing in

MGs. Annealing of MGs is known to induce embrittlement as

demonstrated by the correlation of fracture energy Gc, plastic-

ity with the ratio K/G or � as the MGs isothermal annealed

much below Tg.
4,23,38 The transition from ductility/plasticity to

brittleness on annealing occurs at the same critical value of

Poisson’s ratio as found in the as-cast MGs of different compo-

sitions.4 By monitoring the change of the compression plastic-

ity, Poisson’s ratio, and the relative change of concentration of

flow units Dc of the MGs upon the isothermal annealing, both

the plasticity and Poisson’s ratio show the similar change tend-

ency with the change of Dc, and the Poisson’s ratio decreases

and the MG becomes brittle with more flow units annihilated

by the isothermal annealing.23

Previous studies have shown that the cooling rate and

previous deformation have great influence on the properties

especially for the plasticity of MGs.14,33,39–42 It is also found

that there exist a critical fictive temperature for plasticity in

MGs, which can explain the sensitivity of mechanical prop-

erties of MGs to cooling rate and annealing-induced embrit-

tlement.33 These phenomena can also be understood from

the correlation between the density of flow units and plastic-

ity: when a MG sample is made in a high cooling rate or a

MG is previous deformed, more flow units will be frozen in

or induced into the MG, when the concentration of flow units

reaches a critical value (corresponding to the critical fictive

temperature22), the MG will have a large Poisson’s ratio and

better plasticity.

IV. CONCLUSIONS

We interpret the correlation between plasticity and

Poisson’s ratio in microstructural point of view. We show

that both plasticity and � are linked with the density of flow

units in various MGs in as-cast state, and the found correla-

tion indicates that the Poisson’s ratio criterion for the plastic-

ity intrinsically reflects the effect of the concentration of

flow units on the plastic deformation of a MG in as-cast

state. The result is helpful for MG designing and for under-

standing of deformation mechanisms and some phenomena

such as annealing induced embrittlement, cooling rate, and

creep effects on the plasticity, and the existence of critical

fictive temperature for mechanical properties in MGs.
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FIG. 2. The correlation of room-temperature comprehensive plasticity and

the relative change of the concentration of the flow units Dc for ten as-cast

MGs.

FIG. 3. Poisson’s ratio vs. the relative change of the concentration of the

flow unit Dc for various MGs in as-cast state. The MGs with larger density

change of flow units show larger Poisson’s ratio and better plasticity.
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