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Calorimetric glass transition in bulk metallic glass forming Zr-Ti-Cu-Ni-Be alloys
as a free-volume-related kinetic phenomenon
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The change of the calorimetric glass transition igsZETig »:CU; sNi;oBe,7 5 (vit4) bulk metallic glass during
differential scanning calorimetry experiments was simulated with the free-volume theory. With the kinetics of
the free-volume annihilation and production, calculations carried out on this basis are in good agreement with
available experiment data in vit4 alloy both on structural relaxation and the glass transition. The change of the
glass transition process is dependent upon the reduced free volume remained in the specimens. The structural
relaxation occurring during annealing below the calorimetric glass transition temperature for different times is
relative to the annihilation of the excess free volume. The results support that the calorimetric glass transition
is a mainly kinetic process.
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Glass is well known to be formed from falling out of scanning calorimetryDSC). The sample annealing at 568 K
equilibrium of undercooled mettUndercooling(supercool- was performed in a furnace with a vacuum of 2.0
ing) of a liquid is associated with a large increase of thex10 ® Pa. The stability of the temperature is controlled
viscosity. When the viscosity reaches a value of the orders ofithin =1 K. The scope of the annealing time is from 4.32
105 P, structural arrest occurs on the time scale of thex 10" to 2.0x10° s. The DSC measurements were carried
cooling procesé® The kinetic glass transition involves a out under a purified argon atmosphere in a Perkin-Elmer
sudden change of the specific-heat capaigy,. The most DSC7. . _ .
difficult question is whether there exists at sufficiently slow [N order to investigate the effects of the formation process
cooling an underlying phase transition from the liquid to the®" the glas_s trans[tlon, the annealing of the as-c'ast sample is
ideal glassy state or whether the thermal glass transition sinférformed in Perkin-Eimer DSC7. The process involved the
ply reflects the crossover of intrinsic relaxation times with '€21ing up to 683 K at a heating rate of 0.667 K/s and the

typical time constraint of experimental technique u&ed. cooling down to room temperature at a cooling rate of 2 K/s.

The temperature dependence of molecular cooperativity ObE|gure 1 shows the DSC curves of two samples at a heating

served by means of heat-capacity spectroscopy indicated rate of 0.667 K/s. The solid line is the curve of the as-cast
y i pacily spec Py s%mple. The dash line is the curve of the annealed sample.
general behavior: A cooperativity onset in the crossover re

. d : | fue the An obvious difference between the two curves is found at the
gion and strong increases at low temperature.the free- g 1ooq transition. The glass transition process in the annealed
volume theory, the structural change is described '”tu't'Velysample shifts to a lower temperature, at the same time the

as a gradual reduction of the free voluM&he calorimetric height of the glass transition peak is increased. The main

glass transition process has been simulated based on the frefference of the two samples is the different formation con-
volume theory in conventional metallic glassés?

Recently, new families of bulk metallic glass forming al-

loys such as La-Al-N{2 Zr-Ni-Al-Cu,** and Zr-Ti-Cu-Ni-Be 400
(Refs. 15 and lphave been found. The bulk metallic glasses -
(BMG's) have been expected to be ideal glassy system for 300

studying the glass transition, since they are comparable well
to a hard-sphere system and higher thermal stability.this
paper, we exhibit that the calculations based on the free-
volume theory are in good agreement with available experi-
mental data for Zf ;sTigosCl; sNijgBe75 BMG. It is
found that the calorimetric glass transition is accompanied
with the production of the free volume. Structural relaxation ok
occurring during isothermal annealing corresponds to the an-
nihilation of the excess free volume. The results exhibit that
the calorimetric glass transition is an important characteristic '100600 P 540 550 580
of glassy state, and very sensitive to the excess free volume Tem t

. ; perature (K)
remained in the system.

The Zig 75Tig 26C 7 sNijo Be75 BMG was prepared by FIG. 1. The curves of the DSC at the heating rate of 40 K/min.
sucking the melt into copper module with a ratd 00 K/s.  The solid line is obtained from the as-cast sample; the dash line is
The amorphous nature as well as the homogeneity of thebtained from the sample cooled from 683 K at the cooling rate of
BMG was ascertained by x-ray diffraction and differential 80 K/min.
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TABLE I. Values of the parameters to describe the free- 300 r—r—V—7T—+——"— 7171
volume changes. | .
- = ¢, =2.67X10"*
0 _ 12
Parameter Value Units 200 |- Co =7.31X10 N
Ko 2.4x 1077 /s o
= 1.75 ev E 100
B (9.44+1.64)x 10° K -
To 352 K (3)
0
B 0.7 eV <
_100 L ' l 'l Il L l 'l L L | L L '
dition, in which the cooling rate of the as-cast sample forma- 600 620 640 660 680
tion (about 100 K/is much larger than that of the annealed Temperature (K)

sample(2 K/s). The difference in the DSC curves is consis- FIG. 2. Calculated DSC di for th

tent with the view that the glassy phase is formed by falling F'C: 2. Calculated DSC traces, according to Efj, for the

out of equilibrium of supercooled liquid and the properties Oflnltla| defect concentrations indicated. The solid and dash lines are

the glass depends on its productiénwith the free-volume simulated for the DSC curve of the as-cast and annealing samples in
g p P ) . . Fig. 1, respectively.

theory, the difference of the glass transition process in the

same system is relative to the difference of the excess free

volume frozen in Ref. 11. . . 0 -
In order to quantify the glassy states as free volume, thépecf'}’elY' It is found thatp, in the as-cast sample (7.31

defect concentration, was used? According to the free- X 10" 1?) is three orders of magnitude larger than that in the

_15 .
volume theory, the defect concentration is related to the re@nnealed sample (2.6710" ). Correspondingly, the excess
duced free volume by cp=exp(—1/x).1%° The change in free volume in the as-cast sample is higher than that in the

the defect concentration due to structural relaxation during?nealed sample. The resultant calculations affirm that the

the annealing process is governed by the differentiaflifference between the curves in Fig. 1 is due to the differ-
equatior ence between the excess free volumes in the two samples.

Comparing with the defect concentration in Pd-based con-
de ventional metallic glas¥’ the defect concentration in vit4 is
P —k.cp(cp—c. (1)  very low. The lower initialcg is consistent with the highly

dt dense random packed microstructure, good glass forming
) eqreq 2 ) ability, and higher thermal stability of vit# The heating

In this equatiorep’[Cp'=exp(—1/xeq)] is the defect concen- g4 in the DSC corresponds to the change of the free vol-
tration in metastable equilibriunt,denotes time, anl, isa ;e Figure 3 shows the temperature dependence of the free
temperature-dependent rate factor for structgral relaxation. yolumex in the processes described above. When the as-cast
has the formk, =k, exp(—E;/kgT), whereE; is the relax-  sample is warmed up at a constant heating rate of 40 K/min,
ation activation energy arkj is a constant. The reduced free e higher excess free volume is found to anneal out and

volume inthermodynamic equilibrium g has the forf®**  move to the equilibrium line at the temperature higher than
Xeq=(T—To)/B, whereT, is the Vogel-Fulcher temperature

andB is a constant. As Speapen’s view, the rate of the dis- 0.045
appearance of the defect concentration is proportional to the
product of the concentration of relaxation defects. Equation

(1) can be derived from the bimolecular model with the view ~ 0.040
that the relaxation defect is proportional to the concentration

of defects?® Equation(1) is much suitable for describing the 0.035
relaxation in the metallic glassésThe values o and T,

(in Table ) for the vit4 are obtained from Ref. 22. The cal- 0.030
culated DSC signal is obtained by assuming the observed ™
heat flow, given here a&C,=gdx/dT.* The fit parameters

rrvrryrryryrrrrr v r oy

are E, ko, B, and initial defect concentratioad [c9 0.025

=exp(—1/xy), the excess free volume, in glasg. For the - P

same glass system, the parameteys ko, and 8 are con- 0020 Lo U v o D 0 0 1)y
stant. The changes of the DSC curves are only related to 450 500 550 600 650
initial c%, which corresponds ta,. The values of the fit Tem peratu re (K)

parameters oE;, ko, andB used are also listed in Table I.

The simulations of the DSC for the as-cast and annealed F|G. 3. The temperature dependence of the reduced free volume
samples shown in Fig. 1 were performed. The simulate The solid line is simulated for the change »fin the as-cast
DSC traces are shown in Fig. 2. The solid and dash lines ar€ample; dash dot line for cooling process; short dot line for the
the traces for the as-cast sample and annealed sample, reheating process; dash line for the equilibriunxof

212201-2



BRIEF REPORTS PHYSICAL REVIEW B57, 212201 (2003

480 K (see the solid line in Fig.)3The annihilation of the 800
free volume is an exothermic process, which corresponds to r
the negative relative heat capacity before the glass transition I
in the DSC trace in Fig. 2. Whex crosses the equilibrium —~ 600
line it becomes smaller than the equilibrium value because xm [
the kinetic is too slow to follow the increase gf, as the = .
continuous heating. The free volume is produced in order to &£ 400
attain the equilibrium only at higher temperature. The pro- o [
duction of the free volume is an endothermic process, which © .
corresponds to the glass transition process observed in the < 200
DSC trace in Fig. 2. At higher temperature, the production of

the free volume is fast enough to keep up with the increase of 100 A

Xeq» Which makes the specific capacity constant. When the oF L .

sample is cooled down from 683 K at the cooling rate of 120 600 620 640 660 680 ‘ 700

K/min (see the dash dot line in Fig.),3the decreasing Temperature (K)

follows the equilibriumxcq line first. Then, thex deviates

from the equilibriumxe, line at about 650 K, which corre- FIG. 4. The curves of the DSC obtained from the samples an-

sponds to the glass transition temperature at the cooling ratgaled at 568 K for different annealing times.
of 120 K/min. The deviation means the supercooled liquid
falling out of equilibrium. The value of decreases until 585

K. This implies that the state of the specimen is frozen at 583ynction of the annealing time is presented in the inset of
K at the cooling rate of 120 K/min. With the simulation, the Fig. 5(b). The plots are fit well with Eq(1) using the initial
resultantx is mainly depended upon the cooling rate, ratherdefect concentration of 1:610 % indicating that the an-
than the initial defect concentration of the as-cast sample anﬁlea”ng makes the excess free volume approach the equilib-
the onset temperature of the cooling process. The faster theym free volume. The value af; in equilibrium state at 586
cooling rate is, the more the excess free volume is. The rex js 4.249< 10-2°, which is marked at the position with the
heating process is similar to the heating process of the as-caghsh line in Fig. B). It is found that the time needed to
sample(see short dot line in Fig.)3But the annihilation  approach the equilibrium at 568 K is so long that the equi-
process of the excess free volume shifts to higher temperaipriym cannot be reached in the experimental time scale.
ture (~590 K). The above results indicate that the DSC  The glass transition, as observed in the DSC experiment,
curves are relative to the change of the free volume with thes considered as a phenomenon due to the free volume being
change of temperature. The calorimetric glass transition igt of equilibrium and continuously striving for the attain-
the process accompanying the lower free volume approachnent of equilibrium. The free volume in thermodynamic
ing the equilibrium frge volume, and is very sensitive to theequilibrium based on the equilibrium viscosity of super-
excess free volume in the system. The excess free volumgoled liquid? is successfully used, indicating that the nature
frozen in the system is depended mainly on the cooling ratgg the calorimetric glass transition is consistent with the glass
of the glass formation and the characteristic of the glasgansition determined by viscosity measurenf&fitSo the
forming liquid. Comparing with the conventional metallic natyre of the calorimetric glass transition is a kinetic process.

glass, vit4 has very lower excess free volume. Though the calorimetric glass transition cannot explain the
In order to affirm the nature of the calorimetric glass tran-

sition further, the isothermal annealing at 568 K below the 800
calorimetric glass transition was preformed for different
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times. No crystallization determined by the DSC occurs dur- —-esrion f} 2
ing the annealing process. Figure 4 show the DSC curves for 800 Fo . qses0m 1Y

—3970" !

-

x

@
IS

the sample annealed for 12, 23, 34.5, and 57 h. It is found
that the height of peak of the glass transition increases with
the increasing time. It is consistent with the other
reportst1224With the parameters in Table I, the simulation
of the DSC for the annealing samples was performed. Figure
5(a) exhibits the calculation results based on the free-volume
theory, which is well consistent with the height and position 0
of the glass transition peak in Fig. 4. The values of the initial DT M )
defect concentrationc, are 0.85 107, 1.08x10 Y, 620 640 650 680 0 10 20 30
1.53x 10", and 3.9% 107 for 57, 34.5, 23, and 12 h, Temperature (K) Time (1075)

respectively. The decrease of with increasing annealing FIG. 5. (a) The resulting DSC line simulated for Fig. 4 by the
time means that the excess free volume in the system deree-volume theory(b) The annealing time dependence of the
creases with the increasing annealing time. So the increasingmained in the samples after annealing at 568 K, the line is fit with
height of the glass transition peak is relative to the deceasinge equationdc, /dt=—k,cp(Cp—Ceg, the dash line is marked
excess free volume. The resulting defect concentration as far the equilibriumcp (1.046x< 10719 at 568 K.
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thermodynamic paraddX, the kinetic glass transition is not The annealing below the glass transition makes the excess
contrary to the view that an intrinsic glass transition existsfree volume tend to the equilibrium. To reach the equilibrium
since the calorimetric glass transition is not equal to the ideak unavailable in experimental time scale. Comparing the

glass transitiord: conventional metallic glasses, vit4 is much less excess free
In summary, the glass transitions observed in vit4 bulkyglume.

metallic glass during the DSC runs at a constant heating rate ] ]

are depicted quantitatively in the free-volume theory. The The authors are grateful to the financial support of the
calorimetric glass transition is very sensitive to the excesdlational Natural Science Foundation of Chif@rants Nos.
free volume depended on the glass forming process and tf£925101 and 50031010The authors thank Hai Jun Jing
treatment below the calorimetric glass transition temperatureand Professor Hai Yang Bai for their fruitful discussions.
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