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Evaluation of flow units and free volumes in metallic glasses
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We investigate the changes of the fractions of flow units and free volumes in two typical metallic
glasses by variation of their preparation cooling rates. It is found that the fractions of the flow units
and the free volumes show a similar dependence on the cooling rate, which is suggestive of the
existence of a strong connection between them. The microstructural correlation between flow units
and free volumes of the metallic glasses is discussed, which could be helpful for understanding the
formation and structural features of the flow units as well as their effects on mechanical properties
and relaxation behaviors in metallic glasses. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4895586]

I. INTRODUCTION

Upon cooling below the melting point T, the molecular
or atomic motions in liquids rapidly slow down." If a liquid
is cooled fast enough, the crystallization process can be
avoided, the glass transition from a liquid state to an amor-
phous solid state occurs, and the relaxation time of the sys-
tem at the glass transition temperature T, exceeds the time
scale of the experiment. The glass transition is essentially
the falling out of equilibrium of the system, and the resulting
glass is thus not in thermal equilibrium? with flow units and
free volumes, and the properties of the glass in general
depend on the production history of the glass such as the
cooling rate.>” The more slowly a liquid is cooled, the lon-
ger time available for structural relaxation,1 and the more
stable the glass is.

The free volume model, which was proposed by Cohen
and Turnbull® and developed by Spaepen,” ' is visualized as
the physical space for atomic movement, and the cooling
rate can significantly change the content of free volume in a
metallic glass (MG).>''"'7 Beukel er al. and Slipenyuk
et al."®!” used the recovery enthalpy to quantify the free vol-
ume in MGs and proposed a linear relationship between the
recovery enthalpy and the fraction of the free volume. The
free volume model has been widely used for the description
of various features and properties of metallic glasses;* how-
ever, the model could not explain the microscopic mecha-
nism of relaxation in the supercooled liquid as well as the
inhomogeneous deformation with formation and evolution of
shear bands.*!

Recently, intensive studies have shown that there exists
the nano-scale structural inhomogeneity in MGs. Computer
simulations and experiments also show that liquid-like regions
in MGs with viscoelasticity flow feature act as the flow units,
accommodating the deformation and initiating the shear band-
ing.?*?° The liquid-like regions in glass have even been
directly imaged by aberration-corrected transmission electron
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microscopy.” According to the perspective of the flow units
model, the MGs can be regarded as elastic matrix combined
with liquid like flow units.?**” The liquid like flow units have
low density and high mobility, and the fraction of free vol-
umes in flow units may be much larger than that in the glassy
matrix,’® and there could be a connection between the flow
units and free volumes. These flow units can be activated and
percolated by applied stress or elevated temperature, inducing
the global plasticity or relaxations of MGs. The concentration
of flow units can be estimated by the fictive temperature
Ty, which is a useful parameter to describe the cooling rate
induced thermal history, the defects of flow units, and micro-
structure evolution of a glass®* and is defined as the contribu-
tion of the structural relaxation process to the properties
of a glass, such as enthalpy, refractive index, and specific
volume.*' ™’

In this work, by systematic scrutiny of the changes of
the concentrations of flow units and the free volumes in the
LagoNijsAlys and PdyoNi;oCuzoP29 MGs upon the change of
the cooling rates in their preparation, we show a linear rela-
tionship between the concentrations of flow units and the
free volumes. The implications of the results for understand-
ing the structural heterogeneity in MGs are discussed.

Il. EXPERIMENTS

We selected two MGs of LagyNijsAl,s and
Pd4oNi;gCuszgP>q that have good glass forming ability and a
wide and distinct supercooled liquid region. The
LagoNi;sAl,s and PdyoNi;gCuzgP>o MGs in bulk and ribbon
forms were prepared by melt casting and melt spinning,
respectively. To remove the different thermal history in each
MG sample and make them in the same relaxation state, we
heated each MG sample to their supercooled liquid region
and hold for 3min at the temperature of 493K for
LagoNi;sAl,s and 600 K for PdyoNi;oCusoP>9 MGs. And the
MG samples with different cooling rates were prepared by
cooling to ambient temperature with different cooling rates.
In the supercooled liquid region of the MGs, the enthalpy of
all samples is the same, which confirms that the different

© 2014 AIP Publishing LLC
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thermal history in each sample is reset when reheating to the
supercooled liquid region.”® The structures of the as-cast
MG and MGs prepared with different cooling rates were
ascertained by X-ray diffraction (XRD) and different scan-
ning calorimetry (DSC). Thermal analysis was carried out
using DSC (Perkin-Elmer DSC8000) at the rate of 0.33K/s
under a constant flow of high purity argon gas. The DSC was
calibrated according to the melting points of indium and
zinc. The onset temperatures of the glass transition 7, and
the crystallization event T, of the LagNijsAl,s and
Pb4oNi;gCuzgP>o MGs are about 461 K, 560K and 509K,
647K, respectively.

lll. RESULTS AND DISCUSSIONS

Figure 1 shows a schematic plot of the flow unit and
free volume change of a glass during quenching process with
different cooling rates. In the high temperature region (AB),
the kinetics of free volume annihilation is fast enough to
keep equilibrium. At lower temperatures (BCD), an excess
amount of free volume is frozen in glass. Comparing the two
curves, one can infer that with the increase of cooling rates,
the flow units and the free volumes will increase. We investi-
gate the effects of cooling rates on the concentration of flow
units and the free volumes in the LaggNijsAl,s and
Pd4oNi;gCuszgP>o MGs using DSC measurements. To get the
MG samples with different cooling rates, we reheated the
MGs to the supercooled liquid region and then cooled to am-
bient temperature at different cooling rates. Figure 2 presents
the DSC curves of the as-cast MG and the glassy samples of
LaﬁoNi15A125 and Pb40Nil()CLl3()P2() obtained with different
cooling rates. The DSC curves show that there is a weak
cooling rates dependence of the T, and the T, keeps almost
the same within the experimental error. Broad exothermic
peaks can be seen from the as-cast MG samples, which are a
part of the structural relaxation of the glass. However, all the
samples with different cooling rates show endothermic
peaks, and the samples with lower cooling rates absorbed
more heat to reach the equilibrium supercooled liquid region,
which infers that the samples are in a lower energy state and
more stable. This is due to the free volumes frozen during
cooling can be recovered in the subsequent DSC runs,

Fast cooling

Slow cooling

Flow units, Free volume

]
1
1
1
1
1
1
I
1
1
1
I
]
I
]

S
>

T, Ty T, Temperatur

FIG. 1. Temperature dependence of the concentration of the flow units and
the free volume during quenching with different cooling rates.
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FIG. 2. DSC curves for the as-cast MGs and samples with different cooling
rates in LagoNijsAlrs and Pd4oNijoCuzgP>o MGs, and the heat flow is nor-
malized by the sample mass.

resulting in an overshoot in the DSC signals. From the free
volume model, there exists a proportionality relationship
between the enthalpy change and the free volume change (or
the concentration of defect change) during the structural
relaxation and glass transition processes,'®'® which suggests
that the microstructural configuration of these MGs has been
changed by the cooling rates.

The enthalpy change AH of the LaggNijsAlys and
Pd4oNi;gCuzgPoy MGs was estimated by integrating the
release heat flow in DSC traces,36 which is illustrated in Fig.
3(a). In the DSC curves of all the MGs, the heat flow is
almost zero indicating that structural relaxation does not take
place before 373 K. At 493 K for LaggNi;5Al,5 and 600 K for
Pd4oNi;gCuszgP>g, the MG samples are in the supercooled lig-
uid state and their enthalpy is almost same regardless of their
different thermal history [see Figs. 2(a) and 2(b), the DSC
curves collapse before 373K or in the supercooled liquid
state]. So, the enthalpy change AH of the MGs was calcu-
lated by integrating the heat flow from 373 to 493K for
La(,()Ni15A]25 and 373 to 600K for Pd4()Ni10Cl.l3()P2() MGS,
respectively. The definition of the fictive temperature Ty has
been given by Moynihan er al.>* and Hodge,* and the T
was estimated by the enthalpy change®® as is illustrated in
Fig. 1. The variation of the enthalpy and the T with different
cooling rates was plotted in Fig. 3(b). It can be seen that with
the increases of cooling rates, the enthalpy change decreases
and the Ty increases. The MGs with smaller cooling rates
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FIG. 3. (a) The illustration of the calculation of enthalpy change AH on
DSC curve. (b) Cooling rates dependence of the fictive temperature and the
enthalpy change in LaggNijsAlys and PdyoNijgCuzgP9 MGs. (¢) Cooling
rates dependence of the effective concentration of flow units in LaggNijsAlys
and PdyoNi;oCuszoP0 MGs.

have less frozen-in concentration of flow units, and the MGs
approach a lower energy and stable state. As shown in Fig.
3(b), the relationship between the enthalpy and the effective
concentration of the flow units ¢ can be well fitted as

AH(q) = AHey /(14 ¢) = Ao /{1 + [a/ (b + 1/q)]"},
(1)

where AH,, is the equilibrium enthalpy change at ¢ — 0,
and ¢ =[a/(b+ I/q)]ﬁ (where a, b, f§ are constants, and ¢ is
the cooling rate), which corresponds to the effective concen-
tration of the flow units. In the extreme case, when ¢ — 0,
c— 0, one gets AH(q)=AH,,, which means the enthalpy
change approaches that of the equilibrium state. In Fig. 3(b),
one can see that the relationship between the T; and the con-
centration of the flow units ¢ can be well fitted as

Tp(q) = Tro/(1 = ¢) = Too/{1 = [a/ (b + 1/q)'}, (@)

where Ty is the Kauzmann temperature, ¢ = [a/(b + 1/q)]ﬁ.
When g — 0, c— 0, Tdq) = Ty, which means the glass is in
the ideal state in this extreme case. The relationship between

J. Appl. Phys. 116, 103516 (2014)

Ty and the ¢ agrees well with the recently found relationship

between some properties and the concentration of the flow
- 36,4041

units.

According to the theory of Beukel, there is a linear rela-
tionship between the released enthalpy change (AH) and the
free volume fraction change (Ax) during the structural relax-
ation and glass transition processes' >

AH = AAx, 3)

where A is a constant. For the temperature range of the struc-
tural relaxation process is from T to T,,, then during the
structural relaxation process, the free volume change Ax
between x(T) (the free volume at temperature T) and x(T,)
(the free volume at temperature 7T,,) corresponds to the en-
thalpy change AH(T, T,,) from T to T,,. According to the
theory of Beukel, in the equilibrium supercooled liquid tem-
perature region, Eq. (3) can be presented as (C))., = Adx.,/
dT'=A/B (C, represents the specific heat for a glassy sys-
tem), and x,,(Teq) = (Teq — T())/B,42 where T, is the Vogel-
Fulcher temperature and B is a constant. Thus, from the C,,,
B, Ty and B, A, and x,,(T,,) can be estimated. The free vol-
ume at any temperature x(7) then can be deduced from the
enthalpy change from T to T, and x,,(T,,) as

X(T) = xeq(Teq) + AH(T, T.q) /A . “)

Based on the enthalpy change during glass transition
measured by DSC and the theory of Beukel,'®'? the B and
T, were determined to be 4874.5 and 316K, 4062.5 and
442K, respectively, for the LagyNijsAl,s and
Pd4oNi;oCusoPs0 MGs.**** The free volumes are estimated
to be 0.0363 and 0.0389 at 493 K and 600K in LagoNijsAlys
and Pd4oNi;oCuszoP29 MGs, respectively. From the DSC
result, the (C)),, for the LagoNi;sAl>s and Pd4oNi;oCuzgPag
MGs can be estimated to be 16.38 and 18.98J mol ' K.
And the constant A can be estimated to be A=79.8 and
77.1kJ 1’1'1017l for the La60Ni15A125 and Pd40Ni10CU30P20
MGs, respectively.

Based on Eq. (4), the free volume frozen in MGs with
different cooling rates was estimated and presented in Figs.
4(a) and 4(b). The free volume exhibits a linear increase
with increasing temperature, indicating that the equilibrium
state is achieved for the system in this temperature range.
Figure 4(c) presents the free volume frozen in MGs with dif-
ferent cooling rates in the LagoNi;sAl,s and PdoNijgCuszoPag
MGs. The relationship between the free volume and the
cooling rate can be fitted as follows:

x=la/(b+1/q). 5)

Figure 5 shows the plot of flow units against free vol-
umes for the two MGs at different cooling rates. The data
reveal nearly a one-to-one correspondence between the con-
centration of flow units and free volumes in the two typical
MGs upon cooling rate, indicating that there is an approxi-
mately linear relationship within the error bars between the
concentration of flow units and the free volumes as

¢ =kx+b, (6)
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FIG. 6. Schematic illustrations of the free volume and flow units in MGs.
The red atom areas represent the flow unit, the blue atom areas represent the
densely packed elastic matrix, and the green dotted circles represent the dis-
tribution of free volumes.

where k and b are constants. The found relationship provides in-
formation about the evolution of flow units and free volume as
well as the structural features of a MG. According to the free
volume model, the MGs are not in a fully closed packed state,
and the free volume in MGs is uniformly distribution. However,
in the perspective of flow unit model, the MGs can be regarded
as elastic matrix combined with nano-scale liquid like flow units.
The MG is structural inhomogeneous and the distribution of
defects in MGs is random and heterogeneous, > %449

Based on our above results and the results of Refs. 22,
23, 36, 40, and 41, we schematically illustrate the relation-
ship of flow units and free volumes in MGs in Fig. 6. The
red atom areas represent the defects of flow units with higher
potential energies and the looser packing densities, the blue
atom areas represent the densely packed elastic matrix with
the relatively homogeneous structure, and the green dotted
circles represent the free volumes. One can see that the glass
consists of the elastic substrate and flow units where the
most free volumes locate, and the free volumes do not like to
distribute homogeneously in MGs but mainly locate in the
areas of flow units, which accords with the recent report that
the plastic flow is associated to the flow units or liquid-like
sites in MGs.”>”? Our results might also suggest that the con-
centration of flow units is a key parameter for description the
relaxation and mechanical properties of MGs.

IV. CONCLUSIONS

We show that there is a linear relationship between the
concentrations of the free volume and the flow units in MGs.
The MGs are inhomogeneous with highly localized flow
units, and the free volumes mainly distribute in these flow
units, where the atomic packing is relatively loose. The
results could be helpful for understanding the microscopic
origin of the dynamics of the glass, structural relaxation, and
other properties in MGs.
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