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The evolution of flow units associated with the flow “defects” in metallic glass is characterized by

monitoring the metallic glassy density change upon isothermal annealing far below their glass

transition temperature. A meaningful function for the density variation with the concentration of

flow units is obtained for the metallic glasses. We show that the correlation between the density

variation and the flow unit have implications for understanding the fragility, structural

heterogeneous, and structural relaxation behaviors in metallic glasses. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4823816]

I. INTRODUCTION

Intensive studies have proved that the metallic glasses

(MGs) are actually intrinsic microstructural heterogeneous,

and the heterogeneous MG can be regarded as liquid-like

soft regions containing higher free volumes embedded in

solid glassy substrate.1–8 Experimental and simulation evi-

dences demonstrate that the nano-scale liquid-like regions

have higher energy and low elastic moduli compared to that

of the substrate. Similar to the defects in crystalline solids,

the liquid-like regions act as flow units during the deforma-

tion, relaxations, and glass transition in MGs.4–12 That is, the

flow units are the nano-scale liquid-like regions where the

atoms are loosely packed and embedded in solid glassy sub-

strate, and the atoms in a flow unit can cooperatively move

under applied stress and/or temperature.3–12 The flow unit

model is useful for understanding the anelastic and plastic

deformation behaviors and the structural origin of the b-

relaxation in MGs.9,12

Previous investigations suggest that inhomogeneous

microstructure may be due to the existence of flow units in

MGs;4,8 however, the definite relationship between micro-

structural and defects of flow units is not clear yet, and it is

also difficult to identify and characterize the flow units in

structural disordered glasses.3,13–22 The density has been

known as one of the most available physical parameter to

monitor the structural evolution, which could be related to

the flow units change of MGs in isothermal relaxation16–18

When the as-cast MG is isothermally annealed at a given

temperature below glass transition temperature Tg for various

times, the density increases with the time towards an equilib-

rium value, which could reflect the evolution, annihilation,

and concentration variation of defects of potential flow units

in MGs.19–21

In this paper, we study and characterize the flow units in

three typical MGs through monitoring their density values

change upon isothermal annealing time below Tg. An equa-

tion is obtained for the interrelationship between the density

and concentration of flow units in MGs. The flow unit model

can explain the microstructural evolution and the kinetics of

structural relaxation during isothermal annealing process in

MGs. We also discuss the possible picture for the activation

and evolution of flow units based on our observations.

II. EXPERIMENTS

We selected three MGs, Zr52.5Cu17.9Ni14.6Al10Ti5
(vit105), (Cu50Zr50)92Al8, and Pd40Ni10Cu30P20, that have

good glass-forming ability, markedly different fragility, me-

chanical, chemical, and physical properties, and microstruc-

tural characteristics.23–25 The vit105 and (Cu50Zr50)92Al8
MGs were prepared by arc melting in a Ti-gettered argon

atmosphere; the Pd40Ni10Cu30P20 MG was prepared by

induction melting in a high-vacuum quartz tube. The alloy

ingots were remelted and sucked into a Cu mold to obtain

cylindrical rods with 5 mm diameter, respectively. The struc-

tures of the as-cast alloys were ascertained using X-ray dif-

fraction (XRD) in a MAC M03 XHF diffractometer with Cu

Ka radiation. Thermal analysis was carried out using differ-

ent scanning calorimetry (DSC; Perkin-Elmer DSC8000) at

a heating rate of 20 K�min�1. The density q was measured by

Archimedean technique, and the samples of the MGs make

the density measurements (the sample weights larger than

1.0 g) to have higher accuracy (within 0.1%). The

Pd40Ni10Cu30P20 and (Cu50Zr50)92Al8 samples were isother-

mally annealed at 0.88Tg for various times in a furnace under

a vacuum of �2� 10�3 Pa; the vit105 sample was annealed

in a furnace under a vacuum of �1� 10�5 Pa and cooled

down to room temperature to measure density, DSC, and

XRD. We chose the annealing temperature of 0.88Tg because

it is the optimal annealing temperature for avoiding crystalli-

zation and decrease the annealing time to reach the density

saturation.25

III. RESULTS AND DISCUSSION

Figure 1(a) shows XRD patterns of the Pd40Ni10Cu30P20,

vit105, and (Cu50Zr50)92Al8 MGs in as-cast and annealed (at

0.88Tg for 259, 256, and 260 h, respectively) states. The

as-quenched MGs have the typical amorphous characteristic.

Figure 1(b) gives three continuous DSC traces for

as-quenched Pd40Ni10Cu30P20, vit105, and (Cu50Zr50)92Al8
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MGs. The distinct glass transition and sharp crystallization

peaks confirm the glassy structure of the three alloys. The

wide supercooled liquid regions indicate that the three MGs

have high thermal stability. The detailed thermodynamic pa-

rameters, such as Tg and supercooled liquid region DTx, of the

three MGs are summarized in Table I. In order to avoid the

influence of the effects of crystallization, we annealed the

three MGs at their 0.88Tg (0.88Tg of Pd40Ni10Cu30P20, vit105,

and (Cu50Zr50)92Al8 at 496, 600, 619 K, separately). The

XRD patterns in Fig. 1(a) show that the annealed MGs have

no significant difference compared to the as-cast samples, and

no obvious crystalline peaks can be observed up to 260 h

annealing within the examining limit of XRD. The results

indicate that the three MGs indeed have high stability at

0.88Tg. The positions of the typically diffused amorphous

peaks shift to the higher angle, and the intensity of the scatter-

ing peaks decrease compared to that of the as-prepared MGs

[see Fig. 1(a)]. This suggests that the microstructure change

of these MGs is induced by the isothermally annealing, and

the change is due to the annihilation of the “defects” of flow

units.

Figure 2(a) presents density variation evolution behavior

of Pd40Ni10Cu30P20, vit105, and (Cu50Zr50)92Al8 MGs at

0.88Tg. The relative density change Dq¼ [q(t)� q(0)]/q(0)

[where q(0) and q(t) are the density of the as-cast and

annealed MGs for time t, respectively] increases rapidly with

the annealing time in the initial 10 h. After 128 h annealing,

the density shows minor changes and approaches a saturation

value Dq(1) [Dq(1)¼ (q(1)�q(0))/q(0)]. When t!1,

the density q(1) approaches an equilibrium value of this

annealing temperature, which can be regarded as the density

of its corresponding perfect crystal. We note that one cannot

reach q(1) in experiment annealing time scale because it is

longer than years.26

Based on hard sphere dense random packing model of

MG,27,28 the atom packing fraction u (the volume occupied

by atoms with known atomic radii in one molar volume) can

be estimated from the molar volume Vm ¼ M
q as:29

/ ¼
P

i
4
3

nipRi
3=Vm, where Ri is the atomic radius of ele-

ment i, ni is the number of atom i in one molar alloy, and M
is molar mass. Figure 2(b) shows the change tendency of the

u of Pd40Ni10Cu30P20 MG with annealing time, and one can

see that the u has the same change trend with that of density.

That means the isothermal annealing induces efficient denser

atoms packing, and the MGs have a higher packing fraction

after the annealing.30 Because a MG consists of solid phase

where the atoms are densely and randomly packed and

liquid-like flow units where the atoms packed relatively

loose, the increase of density or u with annealing time can

be attributed to the annihilation of some flow units with

lower activation energy and shrinking of the larger flow

units.

We try to fit the density evolution upon annealing and

find that the density changes during the isothermal annealing

process of the MGs with markedly different glass-forming

ability, properties, and microstructural characteristics can be

best fitted by

FIG. 1. (a) XRD patterns of Pd40Ni10Cu30P20, vit105, and (Cu50Zr50)92Al8
MGs in as-quenched and annealed (for 259, 256, and 260 h, respectively);

(b) DSC traces focusing on glass transition and crystalline process of the

three MGs.

TABLE I. The thermodynamic parameters Tg, DTx (DTx¼Tx � Tg, Tx is crystallization temperature), initial density value q(0), equilibrium density value

q(1), relative density change saturation value Dq(1), fragility m, and activation energy of flow units W of Pd40Ni10Cu30P20, vit105, and (Cu50Zr50)92Al8
MGs, and fitting parameters A, B, and b for their density evolution curves at 0.88Tg. Dc¼ c(0)� c(1)¼ c(0) correspond to the concentration of flow units in

as-cast state of MGs.

Glass

Tg

(K)

DTx

(K) m

W

(kJ/mol)

q(0)

(g/cm3)

q(‘)

(g/cm3)

Dq(‘)

(%)

Dc

(%) b A B

Pd40Ni10Cu30P20 563 83 58 (Ref. 34) 129 (Ref. 9) 9.173 9.256 0.905 0.895 0.103 6 0.005 8.62(60.05)� 10�22 0.07 6 0.01

Vit105 682 57 49 (Ref. 35) 147 (Ref. 40 and 41) 6.694 6.748 0.807 0.819 0.115 6 0.006 1.24(60.02)� 10�19 0.17 6 0.02

(Cu50Zr50)92Al8 703 77 43 (Ref. 36) 174 (Ref. 9) 7.108 7.154 0.647 0.643 0.162 6 0.008 1.65(60.02)� 10�14 0.56 6 0.06
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qðtÞ ¼ qð1Þ
1þ c

; (1)

where c ¼ A
Bþt

� �b
, A, B, and exponent b are the fitting pa-

rameters, which relate the component of MG and annealing

temperature. The fitting values of A, B, and b are listed

in Table I. When t!1 and c(1)!0, q approaches the den-

sity value q(1) of its corresponding crystal; when t¼ 0,

c¼ (A/B)b corresponds to concentration of flow units in as-

quenched state of MG. The value of exponent b is less than

unity and reflects the sensitivity of the flow unit concentra-

tion change upon t. Therefore, the c reflects the trends of

microstructural attenuation with the increasing annealing

time and correlates with the concentration of flow units.

Therefore, Eq. (1) gives the relationship between the density

and concentration of flow units in MGs. On the other hand,

for a given annealing temperature, the change of the concen-

tration of flow units c of a MG upon annealing time t can be

determined by density as

cðtÞ ¼ ½qð1Þ � qðtÞ�=qðtÞ: (2)

Next, we show that the interrelationship between the

density and concentration of flow units of Eq. (1) is useful

for understanding of the structural inhomogeneous, fragility,

flow units activation, and structural characteristic of MGs.

As shown in Table I, the three MGs with similar density

change tendency (corresponding to the change tendency of

the concentration of flow units) upon annealing time have

different fitting parameters, and the difference indicates that

the concentration of flow units of a MG could determine its

fragility, structural characteristics, and flow unit activation.

The fragility (m) characterizes the degree of strength or frag-

ileness of glass-forming liquid and reflects the structural het-

erogeneity of a MG,31–33 and the smaller value of fragility

indicates that the structure of a liquid less sensitive to the

temperature changes and becomes more stable.31,33 The m of

Pd40Ni10Cu30P20 MG is 58,34 vit105 MG is 49,35 and

(Cu50Zr50)92Al8 MG is 43,36 which ranges from fragile to

strong. The saturation values Dq(1) of Pd40Ni10Cu30P20

(0.905%), vit105 (0.807%), and (Cu50Zr50)92Al8 (0.647%)

(see Table I) range from large to small and match the differ-

ence of m for the three MGs. The Dc [¼ c(0)� c(1)¼ c(0)]
of Pd40Ni10Cu30P20, vit105, and (Cu50Zr50)92Al8 MGs,

which corresponds to the concentration of flow unit in

as-cast state, are 0.895%, 0.819%, and 0.643%, respectively.

The comparison of m, Dq(1), and Dc of the three MGs dem-

onstrates that strong glass possesses a relatively low concen-

tration of the flow units, lower density change upon

annealing, the small saturation value of relative density

Dq(1), and relatively homogeneous microstructure; and the

fragile MG has larger concentration of flow units, larger den-

sity change upon annealing, and more inhomogeneous struc-

ture, which are in agreement with the previous

predictions.13,37 The results indicate that the change of con-

centration of flow unit and the saturation value Dq(1) can

reflect the structural heterogeneity of a MG.

The flow unit volume can be expressed as:38 X¼ nCfV,

where n is the number of atoms in a flow unit and the con-

stant Cf� 1.1. V is the average atomic volume expressed as

V¼M/(qNA), where NA is the Avogadro constant. The n of

Pd40Ni10Cu30P20, (Cu50Zr50)92Al8, and vit105 is about 241,

251,9 and 215,9,38,39 respectively. Figure 3 exhibits average

volume X change of Pd40Ni10Cu30P20, vit105, and

(Cu50Zr50)92Al8 MGs with annealing time t at 496, 600, and

619 K, respectively. The X decreases with t, indicating that

the flow units of MG become smaller even annihilate with

isothermal annealing. The results provide information about

the evolution of a flow unit during isothermal annealing pro-

cess as schematically illustrated in Fig. 4. The pink and vio-

let atoms represent the defects of flow unit in MGs with

higher potential energies and the looser packing densities

compared with the relatively homogeneous matrix denoted

by the blue atoms. The atoms in flow unit are the preferred

sites for the relaxation caused by annealing, and the rear-

rangement of atoms initiates preferably in these active zones

and causes the atoms to relax to lower energy state, which is

schematically illustrated by the disappearance of the

FIG. 2. (a) The relative variation of density Dq (%) vs. t (h) of

Pd40Ni10Cu30P20, vit105, and (Cu50Zr50)92Al8 MGs at 0.88Tg that

Dq¼ [q(t)�q(0)]/q(0), density q evolution upon annealing can be best fit-

ted by qðtÞ ¼ qð1Þ
1þc , the inset shows the logarithmic annealing time scale vs.

the relative variation of density Dq(%). (b) The atom packing fraction vs.

annealing time t (h) of Pd40Ni10Cu30P20 MG at 496 K.

FIG. 3. The normalized volume of a flow unit X/X0 [X0 and X are the vol-

ume of a flow unit of the quenched and annealed MG for time t, respec-

tively] vs. annealing time t (h) of Pd40Ni10Cu30P20, vit105, and

(Cu50Zr50)92Al8 MGs at 496, 600, 619 K, separately.

123514-3 Xue et al. J. Appl. Phys. 114, 123514 (2013)



higher-energy pink atoms and the spread of violet or blue

atom areas. Meanwhile, the volumes of some flow units are

shrunk as the annealing time increases. Hence, the annealing

actually leads to an evolution process of flow units from size

decrease to annihilation in MG. The flow unit variations are

reversed in loading case, and with the increase of loading

stress, the volume of the flow unit expands, which is the acti-

vation process of the flow units.22

The average activation energy of flow units W can be esti-

mated according to W� 26RTg.
9,40,41 The W of

Pd40Ni10Cu30P20, vit105, and (Cu50Zr50)92Al8 is 129 kJ mol�1,9

147 kJ mol�1,40,41 and 174 kJ mol�1,9 respectively. As shown

in Figs. 2 and 3, the ascending of the density and descending of

volume of the flow unit of Pd-based MG is faster than that of

vit105 and CuZr-based MG with the annealing time. This is

due to the low activation energy or faster relaxation of the flow

units in Pd-based MG, which indicates that the evolution of the

flow units in MG with low activation energy is much faster and

easier than that in vit105 and CuZr-based MGs, which is con-

sistent with recent nanoindentation experimental results.42

From Table I, one can also see that the MG with smaller aver-

age flow unit activation energy of W has larger density variation

Dq, which indicates that the “defects” of flow units in the MG

with lower W can be readily annihilated.

IV. CONCLUSIONS

We obtain the interrelationship between the density vari-

ation and concentration of flow units in metallic glasses

through monitoring density variation during the isothermal

annealing processes. A function for the density variation

with the concentration of flow units is obtained for the metal-

lic glasses. The correlation can be applied to understand the

fragility, structural heterogeneous, flow units evolution pro-

cess, and microstructural characteristics of MGs.
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