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Relaxation of metallic Zr 4 75Tig25CuU7 5NijgBe,7 5 bulk glass-forming
supercooled liquid
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The mechanical relaxation of metallic 4£E5Tig2<Cu; NijBey7 5 supercooled liquid has been
measured by dynamic mechanical analysis. The relaxation behaviors are found to fit well the
Kohlrausch—Williams—Watts equation in time domain as well as the Havriliak—Negami equation in
frequency domain. Characteristic quantities relaxation time and time—temperature superposition are
among the properties also exhibited. The metallic supercooled liquid is found to have common
relaxation characteristics of the nonmetallic glass-forming supercooled liquids, demonstrating a
connection of the underlying physics for quite different classes of glass former200@ American
Institute of Physics.[DOI: 10.1063/1.1699467

The dynamical characteristics in supercooled liquidsphase response of the sample, Efeand E” can be deter-
(SLs) is the fascinating subject of many experimental andmined.
theoretical investigations.®> Two significant common fea- Figure 1 exhibits the frequency dependenceEdfand
tures in SLs are the non-Arrhenius temperature dependen¢&’ of the sample determined isothermally from 638 to 668
of the average relaxation times and non-Debye linear reK. As can be seen from the data, the relaxing component of
sponse function. Most investigations of the dynamical charthe elastic modulus is asymmetrical and slows down with
acteristics in SLs have been processed in molecular organgecreasing temperature in the SL. These features are typical
SLs by dielectric relaxation and specific-heat spectrosef susceptibility measurements in a SL exhibiting the typical
copy}#~°0nly a little work has been carried out in metallic primary (a) relaxation* The curves drawn througB” data
SLs. Metallic SLs were a relatively strong liquid, while most are optimized fits to match the observed values by use of the
molecular organic SLs are fragit€-*?So far, it is not known  Kohlrausch—Williams—Watts (KWW) equationt>'® The
how metallic SLs accommodate the common relaxation feaFourier transforms ofd{AE ex{d —(t/7)?]}/dt, where AE
tures. Recently developed multicomponent bulk metallic=E(f=«)—E(f=0), 8 a nonexponentiality parameter, and
glass(BMG)-forming alloys offer the possibility of perform- 7 average relaxation time. The fit yields a better representa-
ing day-long relaxation experiments in the metastable meltion in the peak region, but high-frequency data display
far above theT, 3141n this letter, we report the investiga- lower values than the observed values. This is similar to the
tion of the mechanical relaxation of the representative
Zr46.75T1g 2:CWy NijgBey; 5 BMG-forming SL by dynamic

mechanical analysi€DMA ). The typical BMG-forming® SL g = 638K

has common relaxation characteristics of the glass-forming ":- T : g‘;gﬁ

SLs. s r v 668K
The BMGs were prepared from a mixture of the ele- 8 a0 |-

ments of purity by arc melting, and were subsequently f N

sucked into a copper mold with water cooling. The experi- 8 1x10 i

mental apparatus used was a thermal mechanical analysis" o = | . L N

(DMTA V). The specimens in the shape of rectangular _ g .00 L

sheets with dimensions of 25x2 mn? were used. Speci- w :

mens were tested in a single-cantilever bending configura- § 12x10° |-

tion. In the DMA experiments, the sample is protected in a '§ 8.0x10° -

nitrogen-flushed atmosphere. The experiment measures the 2 \

mechanical response of a material subjected to forced oscil- & **° "

lations as a function of the oscillation frequency. The storage § 00 L

modulusE’ and loss modulu€” were measured in a fre- & P

guency sweep mode under a sinusoidally applied strain of Inf (Hz)

+0.03%. From the measurements of the in-phase and out-of-

FIG. 1. The frequency dependence of the storage and loss modulus of me-
tallic Zrg.75Tig 2:CUy sNijgBey7 5 SL determined isothermally by DMA at
dAuthor to whom correspondence should be addressed; electronic maiB38, 648, 658, and 668 K. The solid lines are the fits using the KWW
pwen@aphy.iphy.ac.cn equation.
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TABLE I. The values ofg and 7 in the KWW equation are listed for the
primary relaxation in metallic Zg ;5Tig »:Cly sNi;Bey7 5 SL. 10
TemperatureK) B 7(9
628 0.49 135 08
633 0.49 102
638 0.50 40 %06
643 0.49 23 -
648 0.50 10 w
653 0.50 7.5 w 04
658 0.49 35
668 0.50 1.1
678 0.50 0.35 0.2
0.0
Nagel wing observed in dielectric relaxatibhRecently, it P BT TSR AR DA BTSN B
has been suggested the difference derives from a partly hid- 6 4 2 0 2 4 6 8
den 8 relaxation*”*® The curves drawn through tH&’ data
were obtained by use of the parameter values obtained from '"(ﬂfpu)

the E” and by allowingE(f=0) to be additional fitting pa- e devend " . )

; I ; FIG. 2. The frequency dependence of loss mod®@UEE, ., vs IN(f/f 0,
rameter. The qua“ty .Of thé ﬂ.ts confirms that our data obtained by normalizing the 638—678 K data in Fig. 1. 'F?1e solid line is the
obey the KWW relation. The fitted values @f and 7 are it ysing the HN equation.
listed in Table I.7 decreases rapidly from 135 s at 628 K to

035 s at 678 K, whileg is about 0'5&0'01. w!thm the ation of the metallic SL has the common relaxation charac-
temperature range from 628 to 678 K. These indicate that th?eristics in glass-forming SLs

KWW average relaxation time is dependent on temperature. For susceptibility data determined in the frequency do-

On the contraryB is almost independent of temperature. P ) .
The value ofB is a characteristic parameter of relaxation main, it is more convenient for data reduction purposes to
use the Havriliak—Negami functiéf®%

of glass-forming liquids. For most glass-forming liquids3
is close to 0.5 when temperature approachigs"®®**The - E*(0)=E,+ AE[1— (ioT,p)?] "9,
departure of3 from 1 indicates that an obvious heterogeneity
exists in glass-forming SLs, even though the nature of thevhereb and g characterize the symmetric and asymmetric
heterogeneity is not yet cleafThus, in a metallic SL, het- broadening, respectivel., is the modulus constant in the
erogeneity is exhibited with a low value ¢ The dynamic high-frequency limit andAE the relaxation intensity. The
heterogeneity is expected to result from the concentrationepresentative example of how the loss data compares with
fluctuations in the five-component system. On the othethe HN fits is shown in Fig. 2 with the stone line. The fits are
hand, the present experimental result supports that close tiptimized to match the master curve within the low- and
Ty, B is independent of temperature, which is consistentigh-frequency wings of the spectra; that is, away from the
with the results in most polymer SE$. The temperature peak frequency, but still with the ranges of power behavior
independence oB has been suggested to be a characteristifor the low (E”*wP)-frequency and high B”x o °9)-
of primary relaxatiort® Metallic SLs are relatively strong frequency side. The values bfandg deduced from the fit
liquids'* in which the second relaxation either hides beloware 0.89 and 0.45, respectively. Lower exponential param-
the high-frequency wing of the primary relaxation péeén-  eters ofb and g yield a better representation in the peak
sistent with Fig. 1 or lacks this feature altogeth&There-  region. As seen in Fig. 2, the higher frequency data displays
fore, the temperature independenceg3a$ a characteristic of higher values than the data of the HN curve. The better fits of
the primary relaxation in metallic SLs. However, the value ofthe experimental data in Figs. 1 and 2 indicate that the KWW
B is much smaller than th&0.8) determined by quasielastic equation has some connection with the HN equation. Even
neutron scattering at high temperat{im@ove crossover tem- though the HN equation is not a direct Fourier transform of
peratureT, (875 K)].2! The difference indicates that a change the KWW equation, indicting no direct relationship between
of the relaxation behavior of the metallic undercooled liquidthe KWW equation in the time domain and the HN equation
occurs at a constant temperature abdye This confirms in the frequency domain.
that a decoupling occurs &t in the metallic SL, which is Thus, because TTS is obeyed in the metallic SL it is
typical phenomenon for the glass-forming liqéfd. possible to measure the temperature dependence for the peak
It should be addressed that the occurrence of timerelaxation ofa process within an accessible, wide tempera-
temperature superpositiofTTS) is correlated with the ture scope. This is because the isothermal and isochronous
KWW-type relaxation pattern witl8B=0.5° TTS refers to a curves formed by the loss susceptibility are similar in the SL
situation in which the effect of changing temperature reducesbeyed TTS. Figure 3 exhibits the typical storage and loss
to altering some characteristic relaxation time scale and pemodulus of the BMG determined from 600 to 743 K at heat-
haps the amplitude, while the shape of the loss pré¢éitel  ing rate of 1 K/min at the frequencies of 0.02, 0.08, 0.3, 0.7,
B) remains the same. As demonstrated by the master curve and 2.00 Hz, respectively. The measured temperature scope
Fig. 2, the metallic SL follows this rule within the tempera- contains its SL region. Compared with the results in Fig. 1,

ture range from 628 to 678 K. This indicates that the relaxthe change of the storage and loss moduli in Fig. 3 has an
Downloaded 08 Apr 2004 to 131.111.8.97. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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FIG. 3. The temperature dependence of storage and loss modulus of amor-

Wen et al.

9749 K, and 352 K, respectively. The valuesBandT, are
almost same as those determined from the temperature de-
pendence of viscositi. The dynamic mechanical technique
provides information about the time scale of the molecular
motion associated with sources of elastic dissipation mecha-
nisms and therefore is related to bulk viscosity properties. At
same time, the consistence implies that the bulk viscosity is
related to the primary relaxation in the SL. With the VFT
parameters, the fragility indexm{m=log,oe:[BTy/(Tq
—To)?]} is calculated to be 37, with the value of the glass
transition temperaturé620 K) determined by DSC at the
heating rate of 10 K/min. The relationship betwearand 8
departs obviously the correlation in most glass forming
systems® The departure is unexpected and will be a subject
for further investigation.

In conclusion, the mechanical relaxation of the metallic
Zr46.75T1g 2:CW; NijgBey7 5 has been measured by dynamic
mechanical analysis. As usual treatment in other SL, HN-

PhoUS Zig +Tis »:CUy eNi1Be,, s determined by DMA at the heating rate of and KWW-type relaxation patterns as well as VFT tempera-

1 K/min.

inverse tendency. During heating, tBé decreases rapidly to

zero within a different temperature ranges at different loade
frequencies. The larger the frequency, the higher the temg

perature range is. ThE” is characterized by an asymmetri-

cal peak with a smaller slope at the low temperature side.

ture dependence are good approximations for the present
findings. It is interesting to note that TTS is obeyed in the
metallic SL. The relaxation behavior indicates that the me-

éallic SL has the common characteristics of the nonmetallic

lass-forming liquids, demonstrating a connection of the un-
derlying physics for quite different classes of glass formers.
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FIG. 4. The plots of Irf,,x against 10007 ,,,, of the primary relaxation in
Zr 675115 2:5CU; sNijoBey7 5 SL determined by continuous heatiri®) and
isothermal(M) conditions. The solid line is the fit for isothermal data by the
VFT equation.
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