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Characteristics of the glass transition and supercooled liquid state
of the Zr 4, Ti14Cuq, NijgBey, 5 bulk metallic glass
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Acoustic velocities and their temperature dependence gT4rCu;, NiBey s bulk metallic glassBMG)

have been measured up to 773 K by using an ultrasonic pulse-echo overlap method. The temperature depen-
dence of density, Vicker's hardness, elastic constants, and thermodynamic parameters of the BMG are deter-
mined. A rapid change of the density, acoustic velocities, elastic constants, and Debye temperature near the
glass transition temperature, and anomalous density, acoustic and elastic behaviors in the supercooled liquid
region are observed. A striking softening of long-wavelength transverse acoustic phonons in the glassy state
relative to the supercooled liquid state is found. The glass transition process is delayed to high temperature
with an increase of heating rate. Our results provide evidence that the glass transition in the BMG can be
regarded as a kinetically modified thermodynamic phase transformation.
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Whether a glass transition is a real phase transition or jusicoustic property is particularly sensitive to the microstruc-
kinetic freezing is still a matter of controversy.From a  ture, theT-dependent acoustic velocities can provide critical
theoretical point of view and experimental data obtainednformation on the microstructural characteristics and evolu-
from different glasses, the glass transition is considered to bgon as well as the elastic and thermal properties during the
either a first-orde?,Second-orde‘i‘,or third-order transitioﬁ. g|ass transition of the BMG, and the method represents a
There are also evidences implying that the glass transition igery powerful tool for the study of the nature of glass tran-
not thermodynamic in origin, and it can only be a dynamic Orsjtion, and metallic glassy and supercooled liquid states. We
kinetic phen_omenoﬁNo theory proposed as yet can accountpresent here a systematic ultrasonic investigation on a
f_or all experimental observations. Thgrgfore, the 9har"’,‘Cte”SZr41Ti14Cu12.5NiloBe22_5BMG that is an idealized model sys-
t|c§ and the theory of the glass tran5|t|op, e'spe.:mally N MEem for the study of glass transitiohd.he T dependence of
tallic glasses have long represented an Intriguing topic. I:O{he density, acoustic velocities, and Vicker’'s hardness, which
many years, however, the very high cooling ratecan sensitively reflect the microstructural change, was mea-

(>10°K/s) necessary to obtain the metallic glasses limits

their geometry to be very thin ribbons or wires, and makessured. The elastic constants and thermodynamic parameters

the studies of the intrinsic nature of the glass transition and'© determined by ultrasonic datg. Some unique temperature-
the measurements of many physical properties difficult. Th&l€PeNdent density, and acoustic and elastic features are
key features of the glass transition are still poorly underfound in the SLR, glass transition, and crystallization pro-
stood. The glass transition is still a great puzzle, and remain$€SSes; these behaviors provide evidences that the glass tran-
the deepest and most important problem in condensed—mattéF'O” is a kinetically modified thermodynamic phase transi-
physics and materials sciented hotly debated issue is tion.

whether the glass transition is involved in an underlying ther- The ZiyTiyCuy, NizgBe,, s BMG in the shape of a cy-
modynamic (statig or kinetic (dynamig phase transition. lindrical rod with a 15-mm diameter was prepared by the
Reaching a final understanding would suggest how to controvater quenching method. The details of the experimental
the nature and properties of amorphous materials better. RgFocedure can be seen in R&f.The amorphous nature as
cently, multicomponent glass-forming systems with excel-well as homogeneity of the BMG was ascertained by an
lent glass-forming ability have been developed by using &-ray diffraction (XRD), a differential scanning calorimeter
conventional casting method at a low cooling rattThe  (DSC), a transmission electron microscopyEM), and by

bulk metallic glasse$BMGs) exhibit an obvious glass tran- small-angle neutron scatterif@ANS).° The rod was ma-
sition and a wide supercooled liquid regid8LR). The chined down to 10 mm in diameter and cut to a length of 7
BMGs provide an ideal system for studying the nature of thenm for ultrasonic measurements, by grinding off the outer
glass transition, and are also very suitable for accuratelgurface; any possible oxide materials from the quartz tube
measuring structural and physical properties concomitantontainer were removed. The content was carefully checked
with the glass transition upon temperatiié and pressure. by chemical analysis. The ends of the cylinder were carefully
Cahn and Johnsdhsuggested that amorphization process ofpolished flat and parallel. To ensure the same thermal history
metallic alloy and melting to a liquid was manifestation of the specimens were annealed up to the desired temperature
the same first-order transformation. It is interesting to knowusing a rate about 10 K/min, and kept at that temperature for
whether there is the analogy between melting and the BM@ h, after which the sample was cooled down to room tem-
formation postulated in Ref. 10, and what kind of structuralperature quickly to keep the microstructure characteristics.
and property features accompany the glass transition. Sincehe density, XRD, and microhardness measurements were
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FIG. 1. XRD patterns of the Z{Ti;,Cui, Ni;oBesyn s BMG at g sl /5./ o
various annealing temperatures. ol « .,4:/-;\"(
8.5 . . . .
performed on the annealed samples. Figure 1 shows an XRD sol @ }/I
pattern of the BMG in various annealing temperatures. The asl : T#/
structural evolution upon temperature can be clearly seen in s 0 P
the patterns. Below 673 K, no obvious crystallization hap- e 70 Lt
pens with the detectable limit of XRD. When annealed near £ 85 e
calorimetric T,, nanocrystalline phases precipitate in the 60l ;r_’_g/
glassy matrix. Above 693 K, the BMG is completed crystal- 300 360 500600 700 860
lized. It is worth noting that some crystalline lines that start Temperature (K)

appearing at 693 K disappear at 708 K: the results may in-

dicate that metastable phase forms when the BMG is an- FIG. 2. (a) DSC trace of the ZnTi;,Cuy, NiiBey, s BMG; the
nealed in the SLR; the metastable phase transforms to Stat;ﬂ'gnificantly large SLR is indicated in the.figure. The points show .
crystalline phase at higher temperature. The acoustic velocthe annealing temperatures for density, microhardness, and acoustic

ties and their temperature dependence were measured by J§locities measurementéh) The variation of the density and the

ing the pulse-echo overlap methtidThe excitation and de- relat?ve char_wge_of the specimen length .V\.'ith temperat@e?l’he
tection of the ultrasonic pulses were provided by X- or Y_Cu,[relatlve Iongltud'lnaI. and tran;verse velocities change with tempera-
(for longitudinal and transverse waves, respectivelp- € ©=.ve); v is normalized byAv/vo=(v ~vo)/vo, where
MHz quartz transducers. The ultrasonic waves are excited by S & normal velocity for the as-prepared BMG, aubl the mi-

. rohardness$i, of the BMG with temperature.
the transducer, reflected from the opposite end of the BM
rod, and detected by the same transducer. The travel time of
ultrasonic waves propagating through the sample with a 10various heating rates with high-purity indium and zinc. The
MHz carry frequency was measured using a MATEC 6600Vicher’s hardnessHv was measured with a Newphoto-21
ultrasonic system with a measuring sensitivity of 0.5 ns. Thignicrohardness tester at a load of 100 g.
system is capable of resolution of the velocity changes to one Figure 2a) shows a DSC trace of the BMG with a heating
part in 1@ and particularly well suitable to determination of rate of 10 K/min. It exhibits an endothermic characteristic of
changes in velocity? The ultrasonic velocities measurement a glass transition followed by several exothermic crystalliza-
was calibrated by the known materials of Fe and oxidetion peaks at higher temperatures. The onset glass transition
glassed? Density p was measured by the Archimedian prin- temperatureT,, the onset temperature of the first crystalli-
ciple and the accuracy was evaluated to be 0.005%/€he  zation eventT,, are 623 K and 698 K, respectively. A re-
elastic constants, e.g., bulk moduldisYoung’'s modulusE,  markable feature is a significantly large SLRT=T,— T,
shear modulus, Poisson’s ratiar, and Debye temperature, =75K, as indicated in Fig. (2). The corresponding XRD
6p of the BMG, which is considered as an isotropic homo-patterns in Fig. 1 indicate no obvious crystallization when
geneous solid, are derived from the acoustic velocitigs ( annealed in the SLR, but there is small difference in the
longitudinal velocity,vs, transverse velocijyand density value of T, obtained by a DSC and XRD. Some crystalline
using the well-known relatioht'* DSC measurements were peaks start to appear near calorimeffic(693 K), because
carried out under a purified argon atmosphere in a Perkithe DSC is a scanning heating process, while the XRD pat-
Elmer DSC-7 at a heating rate ranging from 2.5 to 80 K/min.tern is obtained from the annealed sample at 693 K for 2 h;
The calorimeter was calibrated for temperature and energy &ine long-time isoannealing nedr, results in the primary
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FIG. 4. The DSC traces for the 4Wi14Cuy, Ni;(Bey, s BMG

FIG. 3. The relative changesY/Yo=(Y—Y)/Y, of variation  showing theT, and AT dependence of the heating rate. The inset
of E, G, K o, and 6y (Y stands forE, G, K o, and 6p) of the  shows Kissinger’s plot of the BMGs; a linear relationship between
ZrygTiyCup NirBe, s BMG with temperature. A large relative In(T 7/ ¢) and 17 for the BMG can be seen, whetkis the heating
change of th&s, E, anddp and a smaller change &frelative to the  rate.
supercooled liquid state, which indicates a striking softening of
long-wavelength transverse acoustic phonons in the glassy statcrease again with increasing temperature. Thehas a
relative to supercooled liquid state, can be clearly seen. much larger relative change during the glass transition and in

the SRL. The nature of the chemical bond determines the

crystallization that has also been confirmed by othemicrostructure of the solid; a difference in microstructure
experiments® The values ofp, v,, vs, andHv are 6.125 will influence the mechanical properties of a solid, resulting
glen?, 5.174 km/s, 2.472 km/s, and 5.94 GPa for the asin the variation of the acoustic parameters. Therefore, the
prepared states, respectively. Figuréb)22(d) show tem- rapid changes of density and acoustic properties indicate a
perature dependences pf v, vs, andHov of the BMG, drastic microstructural change during the glass transition
respectively. As shown in Fig.(B), the p increases slightly process. Figure (&) presents arH, change with tempera-
near calorimetricTy, and a significant increase occurs nearture; H, shows a drastically increase neg§ and a subse-
Ty, and it reaches maximum in the SLR, followed by aquent monotonic increase. The relative variations of the elas-
slight decrease below calorimetilg . After full crystalliza-  tic constantE, G, K, o, and 6y upon temperature for the
tion, thep remains almost unchanged. The relative change oBMG is shown in Fig. 3. The obtained elastic data are in
the density in the supercooled state and fully crystallizedgood agreement with those measured using different
state are 1.3% and 1.1%, respectively. The marked densityethods. As shown in Fig. 3, theE, G, and 6, show a
change indicates an amount of vacancy like defects or fresudden increase ne@ and reach maximum in the SLR; the
volume is quenched in the BMG even if it is formed at a low o also show a drastic change ndgrbut reaches a minimum
cooling rate. Some of the excess volume is removed duringn the SLR, while theK does not show similar change trends.
the glass transition. This result indicates that larger volume Table | contrasts the large changesug (11.4%), 6p
changes accompany the glass transition. The volume chang&l.4%, andG (about 26% and small changes in (1.3%),
in the ZrTiCuNiBe BMG has also been observed by positrory, (3.0%), and K (—0.4%) between the glassy and super-
annihilation  studie® and volume-pressure relation cooled liquid states. The relative changekaandG versus
measurement¥, which shows that the BMG has a larger the temperature can also been seen in FigG3shows a
volume change upon pressure compared to crystalline metallarger relative change during the glass transition and in the
or alloys, because the free volume can be removed througBLR, while no definite trend has been observediatue to
the structural relaxation induced by pressure. The similatemperature. The results indicate the softening of the shear
change trend for the, andv s upon temperature is presented elastic modulug(i.e., the softening of the long-wavelength
in Fig. 2(c). The relative change of the acoustic velocitiestransverse phonohsn the BMG relative to its supercooled
has a sudden increase near caloriméfgic and forms a peak liquid states. The large softening phenomenon means that an
in the SLR. They reach a minimum near calorimefficand  elastic instability occurs in the glass transition. The charac-

TABLE I. A comparison of properties of the amorphous statg)(and supercooled staté/() of the
Zr;Ti1Cuy, NijoBey, s BMG in the SLR(693 K).

p v K Us G 6p
State (glcnt) (km/9) (GPa (km/9) (GPa (K)
amorphous 6.125 5.174 114.1 2.472 37.41 326.8
supercooled 6.208 5.331 113.6 2.755 47.12 364.2
(Y= Y)Y, (%) 1.3 3.0 -0.4 11.4 26.0 11.4
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teristic is also similar with the melting of a solid, in that a netic nature. The dependence of fhgon the heating rate
very high density of point defects combined with a softenedfollows Lasocka’s relationshif? Tg=A+BIn ¢, where A
phonon mode leads to meltif§° Previous work® indicates  and B are constants. There are good linearities betwkgn
the softening of the transverse phonon mainly attributed t@nd In¢ with A=612.5,B=6.63. The effective activation
the unique microstructural characteristics of the BMG. Theenergy, for the glass transitidgy,, evaluated by Kissinger's
softening phenomenon also indicates that marked differencesjuatior?® is 5.8 eV (as shown in the inset of Fig)4The

in the electronic state, atomic interaction, and atomic mobilkinetic nature is still kept when the BMG is preannealed or
ity between the glassy and supercooled liquid states exispreannealed under high presstfhé® Based on the experi-
The dramatic change of the acoustic velocities, density, memental results obtained above, the glass transition process of
chanical properties, and the striking softening of transverséhe BMGs can be regarded as a kinetically modified thermo-
acoustic phonons nedr, demonstrate that the glass transi- dynamic phase transformation process.

tion is not a continuous function of temperature, but rather a In conclusion, the investigations of the acoustic velocities,
relatively abrupt microstructural change. We suggest that thelastic constants, andfp upon temperature of the
glass transition in the BMG has the characteristic of theZr,;Ti;4,Cuy, NijoBe,, 5 bulk metallic glass indicate that the
phase transition. The calculated Gibbs free-energy functioglass transition has four characteristi¢h: the discontinued

of the BMG shows that the free energy of the glassy state ishanges of acoustic velocity, density, and mechanical prop-
larger than that of the supercooled liquid stdtéhermody-  erties demonstrate that the glass transition is not a continuous
namically, the BMG must transform from the glass to thefunction of the temperature, but rather that a relatively abrupt
supercooled state. These also support the idea that there glease transformation occurs, indicating the characteristic of
thermodynamic origins underlying the glass transition pro-the phase transitiori2) a larger volume change accompanies
cess. In other words, if the glassy forming alloy can bethe glass transition of the BMG3) a striking softened trans-
cooled at a rate close to zero but without the intervention ofrerse phonons mode happens when the supercooled liquid
crystallization, there should be a distinct glass transition. Thatate transforms to glassy statd) the glass transition has a
ideal glass transition temperature is estimated to be 560 K. marked kinetic nature. Although the special case studied here
However, the BMG is a thermodynamically metastable stategdoes not settle the issue of the nature of glass transition, the
the relaxation especially in the SLf&he atomic mobility is  finding provides another piece of evidence that observable
much higher in the supercooled liquid state compared to thglass transition in the BMG has phase transition characteris-
glassy stateis unavoidable during the annealing processtics. On the other hand, the study confirms that the glass
Therefore the glass transition must be affected by the relaxtransition behaves with a marked kinetic nature. The glass
ation. Figure 4 exhibits that the endothermic broad peak ofransition process could be regarded as a kinetically modified
the BMG shifts to a higher temperature gradually with in-underlying thermodynamic phase transformation process.
creasing heating rate, indicating that the glass transition pro- The authors are grateful for the financial support of the
cess is delayed at a higher temperature. This phenomendational Natural Science Foundation of Chif@rants Nos.
indicates that the glass transition behaves with a marked k59925101, 59871059, and 19874075
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