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Supersoftening of transverse phonons in Zy;Ti1,Cuq, NijgBes 5 bulk metallic glass
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Acoustic properties and low-temperature specific heat QfTZy,Cu, NijgBes 5 alloy in glassy, fully
crystallized and equilibrium crystalline states have been investigated. It is found that a large amount of free
volume is quenched in the bulk metallic gla@MG) which is obtained at a low-cooling rate, even fully
crystallization cannot remove all the free volume from the alloy. A supersoftening of long-wavelength trans-
verse acoustic phonons in the BMG relative to its equilibrium crystalline state is observed. The origins for the
phenomenon are discussed. The finding has significance for understanding of the glassy state as well as the
excellent glass forming ability of the glass forming alloy.

Metallic glasses have long represented an intriguing clasBMG was fully crystallized. The equilibrium crystalline
of materials. For many years, however, a very high-coolingohase of Zy;Ti;4Cu, NijgBes, 5 alloy rod with 15 mm in
rate (>10°K/s) necessary to prevent crystallization, limits diameter was prepared by remelting the ingots in a silica
specimen geometry to be very thin ribbons or witest0—  tube and solidified at a cooling rate of 0.03 K/s XRD verifies
100 m thick, making the measurements of many physicalthe fully crystalline state that has also been confirmed by
properties difficultt? The key features of the microstructure DSC result; no heat release DSC peaks, which indicate the
and physical properties as well as their relationship are stilcrystallization of an amorphous phase, have been observed.
poorly understood. The recent discovery of a new family ofThese alloy rods were machined down to 10 mm in diameter
bulk metallic glasse$BMG)>* offers opportunities for un- and cut to a length of about 10 mm. By grinding off the outer
derstanding the metallic glassy state and investigating theurface, any possible oxide materials from the quartz tube
physical properties by using various physical methods. Ulcontainer were removed, and the identical composition of the
trasonic measurement provides a powerful tool for studyinghree alloys was ascertained by careful chemical analysis.
the structure of matter; the larger geometry of the BMG’s isThe ends of the cylinder were carefully polished flat and
very suitable for acoustic measurem@ifthe differences be- parallel. The prepared specimens were used for density,
tween glassy and crystalline states in acoustic feature argicoustic velocities, and specific-heat measurements. All
long-wavelength phonons have significance for the underthese measurements were two and three times repeatedly per-
standing of the unique microstructural characteristics andormed using cylinders from different sections of the alloy
physical properties of the BMG. In this paper, we present thegods. The acoustic velocities of the alloys were measured at
results of acoustic and low-temperature specific-heat experfoom temperature by using a pulse echo overlap method.
ments on a representative ,£Fi;,Cu;, Ni;)Be,r, s BMG  The excitation and detection of the ultrasonic pulses were
with excellent glass forming ability and propertiea.super- ~ provided by X or Y cut (for longitudinal and transverse
softening of long-wavelength transverse-acoustic phonons iwaves, respectivelyl0-MHz quartz transducers. The trans-
the BMG relative to its equilibrium crystalline states is ob- ducers were bonded to one end of the specimen. The ultra-
served; the phenomenon is not simply attributed to the dersonic wave are excited by the transducer, reflected from the
sity difference between the two states. The results have sigpposite end of the rod, and detected by the same transducer.
nificance for our exploring the reasons for the excellent glas§he effects due to bonding material between the transducer
forming ability of the alloy as well as our understanding of and the sample was neglected as the typical thickness of the
the glassy metallic state.

Zr41Ti14Cu» NioBess 5 ingots were prepared by induc- 12

tive levitation melted under a Ti-gettered Ar atmosphere. ol " glassystate

+ equilibrium state

The ingots were remelted together in a silica tube and
guenched in water to get cylindrical rod with 15-mm diam-
eter (the cooling rate is estimated to be about 10)K&Ehe
details of the preparation procedure can be referred to in
Refs. 5 and 6. Amorphous nature as well as homogeneity of
the BMG was ascertained by x-ray diffractiQdRD), differ-
ential scanning calorimetéDSC), transmission electron mi- 0
croscopy (TEM) and small-angle neutron scattering

SANS>® The fully crystallized Zg;Ti;4,Cuy, NijoBey, 5 al-

loy was prepared by annealing the BMG at 773 K in vacuum  F|G. 1. Specific heat of the ZTi;,Cuy, Ni;gBey, 5 alloys in

for more than 4 h. The annealing temperature is far largeglassy and equilibrium crystalline states. The solid lines are fits of
than the crystallization temperatufe (712 K).>® XRD and  the data from 10 to 18 K, sincép(T) for a metallic glass and
DSC results as well as TEM observations confirm that therystalline exhibits a strong temperature dependence below 8 K.
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TABLE I. A comparison of the properties of the metallic glasses stét@ and fine-grained crystallized
state {r.) of the Zi;Ti ,Cuy, NijgBey, 5 alloy.

P v, vs K G 05(T) T
Alloy (glcnt) (km/s) (km/s) (GPa (GPa (K) (K)
Glassy state 6.125 5.174 2.472 114.1 37.41 326.8 945
Crystallized state 6.192 5.446 2.807 118.6 48.8 370.9 1109
(Y= Y)Y (%) 1.1 5.2 13.5 3.9 30.3 13.4 17.3

band was lower than 4m. The travel time of ultrasonic obtained for the Debye temperature calculated from the calo-
waves propagating through the sample with a 10 MHz carryimetric 0E(T) and acoustin(T) data. From Eq(1), we
frequency was measured using a MATEC 6600 ultrasoniget HS(T)%COHStpMSVS,

system with a measuring sensitive of 0.5 ns. The elastic con-

stants, e.g., bulk modulus and shear modulu§&, are de- A6 1Ap Avg

rived from the acoustic velocities using the well-known 7%§—+ =
relations”® In calculating the Debye temperatuiig we treat P s

the alloy as a monatomic lattice with an average cellulagyhich is in good agreement with experimental results. Fol-

~38.7%,

volume; 6, can be represented as folloWs lowing the free-electron modely is related to the density-
of-state at the Fermi leveM(Eg) by y=(1/3)m?k3N(E).
o h{ 9 \¥B1 2\718 Accordingly, the estimate®(Eg) values are 4.7 e\(unit

Op(elasti = k_B(477-QO> (V_fJF ,,_';‘) , (D) cel) L and 2.8 eV(unit cell)~* for glassy and equilibrium

states, respectively. The BMG has large(Eg) value as

whereh andkg are Planck and Boltzman constants respecC0mpared to its corresponding crystalline state.
tively, Q, is the atomic volume, and,, and v are longitu- The values for thep, »,vs, as well as the elastic and
dinal and transverse ultrasonic velocities, respectively. Th&e€rmal parameters for the alloys in glassy and crystallized
values of elastic constants amg of the BMG calculated States are listed in Table I. Large changes initl{d 3.5%),
from ultrasonic data are in good agreement with the result§p(13-4%), and G(30.3%) and small changes in the
measured by other method8. Low-temperature specific P(1.1%9, 11(5.2%), anK(3.9%) between the two states can
heats were measured in an adiabatic calorimeter between 108 seen in Table 1. The results indicate the softening of the
and 20 K using a standard discontinuous heating methodtransverse elastic moduluse., the softening of the long-
Density p was measured by the Archimedian principle angwavelength transverse phonoris the BMG relative to its
the accuracy was evaluated to be 0.005 g/cm crystallized state. Elr_slstlc softening is a common featgre for
Figure 1 presents temperature-dependent specificGjgat the most amorph_lzatlon processes us_ually accompamed by a
of the BMG and equilibrium crystalline alloy from 1.8 to 18 ~25% decrease in the average velocity of sound, ‘{Vh'Ch cor-
K. It can be clearly seen that the temperature deper@gig ~ '€SPonds to &-50% decrease in the average 6f The
markedly different for the two states: the glassy state ha§oﬂen|ng in the BMG is consistent with that of amorphiza-
larger specific heat than that of the crystalline state. Tpe tion process. Table Il contrasts the remarkable large changes
is analyzed by fitting to it a polynomial fornC,=yT "N the v4(39.7%), 65(38.7%), andG(102%) and small
+ BT? Using a least-squares procedure, changes |m(3.6%j, y,(?.?%), and<(— 15.8%) betweerj th_e
glassy and equilibrium crystalline states. The results indicate
3 that an extremely large softening exists between the two
) (Ref, 10 states. The decrease@is substantially larger than the typi-
Op(T) T cal 10%-50% reported for alloys that undergo an order—
disorder transformation below melting temperattir& It is
whereR s the gas constant. The effective Debye temperatureven larger than th& softening observed for many metals
65(T) can be calculated from the fit. Sinég(T) for me-  during heating to melting® Since the results between the
tallic glass and crystalline alloy exhibits a strong temperaturealorimetric and acoustic measurements agree, this indicates
dependence below 8 K, the data over the limited temperaturéhat the softening of the transverse mode may be extended to
range 10 to 20 K were fitted. Table | shows the agreemenibw temperature. XRD results show that the crystallized
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TABLE Il. A comparison of the properties of the metallic glassy statg) (and equilibrium crystalline
state {¥) of the Zi;Ti ,Cuy, NijgBey, 5 alloy.

p v, vs K G 05(T)  6p(T)  Tn
Alloy (glcnt) (km/s) (km/s) (GPa (GPa (K) (K) (K)
Glassy state 6.125 5.174 2.472 114.1 37.41 324.1 326.8 945

Equilibrium state  6.346 5571  3.454 96.0 757 4350 4532 1527
(Yo— Y)Y a(%) 3.6 7.7 397 —158 1020 343 387 616
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100l The supersoftening results in the larger decrease of thef
the glassy state. So, compared with the equilibrium crystal-
;\3 gol /) crystallized state line state, the BMG has three characteristids: the BMG
~ B cquilibrium state contains high-density free volume even if it has more ran-
> 60} dom packed microstructure compared with conventional me-
;«* tallic glasses, fully crystallization can only remove part of
s> 40r the free volume(2) the BMG has higheN(Eg), and lower
~ i Tm; (3) the BMG has a super softened transverse phonons
20+ mode relative to its equilibrium state. The characteristics are
0 similar to the melting of a solid, in that a very high density of

point defects combined with a softened phonon mode leads
Vs 0, G to melting?’
Shear modulus of all solids depend on the interatomic
distance or molar volume and especially the repulsive branch
of the interatomic potentidf the quenched-in free volume

;\3 changes the density of the BMG, and definitely leads to the

~ softening of the shear modulus. Theoretically, simulations

bl prove that a large softening of transverse phonons in an ox-

;_7“ | ide glass is attributed to gross density chafijée reduced

> 10 crystallized state of G is from the change of the local at(_)mic density in f[h_e

~ B cquilibrium state looser structure of the glasses. The oxide glasses exhibit a
15 large decrease in acoustic velocity relative to the crystal, this

is attributed to the large density change, e.g., for vitreous
SiO,, Apl p~20% 2° However, the BMG has denser packed
FIG. 2. A comparison of the relative changes of the parametersyjcrostructure compared with conventional metallic glasses
of the crystallized and equilibrium states compared to amorphoug g oxide glasse?é.Thep change is much smaller than that
state. ,), thg properties of metallic glasses state; Y, the propertie%f the oxide glasses. Such an enormous net change i6 the
of the crystalline state. cannot be mainly attributed to thedifference between the
glassy and crystalline states. Laghall! point out that the
and equilibrium crystalline alloys contain different crystal- softening ofG associates with static atomic displacem@unt
line phases. Due to the complex of the multicomponents aneind anharmonic vibration in a metallic glass. Our other work
the Be element, the crystalline phases cannot be identified shows that the BMG possess a larger anharmoniéihgw-
far3 However, the crystallized alloy has much more crystal-ever, the supersoftening cannot be mainly related to the an-
line peaks indicating more distinct crystalline phases comharmonicity either, because the effect of the static atomic
pared with the equilibrium alloy. The possible multiphasedisplacement on the softening is nearly twice as large as that
mixture, which causes an amount of defects, e.qg., interfacesf anharmonic vibration; the static atomic displacement is a
would lead to a looser structure and a little softeningGof general measure of the chemical and topological disorder
compared with an equilibrium alloy consisting of only a and hence can be used as a general disorder parameter for
single phase. Figure 2 contrasts the relative change qgf,the characterizing a glassy softdMiglio et al?® also found that
v, andK andvg, 6y, andG of the crystallized and equilib- the larger atomic mean-square displacement gave rise to a
rium states compared with the glassy state. The parametekswer elastic energy. Figure 3 contrasts the differences of the
especially for thevs, G, andép, of the equilibrium state have G and v upon{u?) estimated from the generalized Linde-
much larger relative changes than those of the crystallizechann melting criteriort! it can be clearly seen that the alloy
state. Thep change(3.6%9 means that high density of free with smallerG and v has larger x?), indicating that the
volume is quenched in the BMG, even if it is obtained with increased magnitude dfu?) compared to its equilibrium
a slow cooling rate. Even full crystallization, which causesstate leads to the lower frequencies of a transverse phtdnon.
1.1% p change, can only partially remove the free volume.There is an intrinsic reason for the high disorder of the struc-
The conclusion that the BMG contains a large amount of fregure, that results in the supersoftening of the transverse
volume has been confirmed by high-pressure experin}énts,phonons in the BMG. The non-Coulomb part of the inter-
which shows the BMG has a larger volume change uporatomic potential is large due to the overlap of closed electron
pressure compared with crystalline solids, because the freshells for transition metals in the highly dense and randomly
volume can be removed through the structural relaxation inpacked BMG, a marked effect of the configuration of the
duced by high pressure. Positron annihilation stufieso  outer electron on the elastic constant, especi@lifias been
confirm that excess volume in the order of 0.1% is quencheg@ointed out by Kostef* the high density of the electronic
in the BMG at cooling rates as low as 1-2 K/s. The superstate at the Fermi level is also likely to soften the band
softening phenomenon is confirmed by the low-melting tem-strength?® The connection between the static atomic disor-
perature,T, of the BMG (T,,=945K) compared to that of der, larger anharmonicity, the high density of electronic
its equilibrium state T,,= 1527 K) as shown in Table Il. The states at the Fermi level and supersoftening of shear modulus
T, of the BMG is 582 K lower.T,, is related tof, and presents evidence that there are other intrinsic softening of
critical static mean-square displacemef?) as! T, transverse phonons in the BMG. Because all the factors have
=(M kBGZD)/9h2<,u2>, whereM is the average atomic mass. close relation with the microstructure, we infer that the su-
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o — 4.0 bye frequencyabout 182 to 10*s™1). The measurements of
. * G lis o the low-frequency vibration (softening of long-wave
80 . =V, b= phonong means many atoms move cooperativélfhere is
= 70l ] . 130 X a strong consistency between the highly-collective diffusion
% 60 . las =7 and our observation; one could think of the quenched-in free
6’ A volume in the BMG as intrinsic soft spots where cooperative
501 .I 120 atomic hopping processes can take place. The finding of the
ol { lis supersoftening also has significance for our understanding
. . the e_xcellent glass _fprming apility of the BMG, which can be
3010 obtained Wlf[h a crlt_lcal cooling rate Ie_ss than 1 Rl_§h¢
' DA ’ supersoftening confirms that marked differences exist in the
<u> (A% electronic state; atomic interaction and static atomic disorder

between the glassy and equilibrium crystalline states, and the
microstructure of the BMG, can be regarded as closer to that
of the liquid state. The liquidlike highly random packed
structure and cooperative atomic diffusion mechanism of the
BMG strongly inhibit the nucleation and growth in the su-

FIG. 3. The contrast of th& andv on the critical static mean-
square atomic displacemer{iz?) of the three states is estimated
from the generalized Lindeman melting criterion Ref. 11. A, B, and
C in the figure indicate the equilibrium, crystallized and glassy
states, respectively The alloy with smalleiG andvg, has larger 77 . .
(4?), indicating that the increased magnitude(pf) compared to ggirlit;oled liquid state, and result in excellent glass forming

its equilibrium state, leads to lower frequencies of transverse pho€ ) ] . .
non in the BMG. In conclusion, we find that the ZiTi4Cu;, NijoBess 5

BMG is of a super softening of long-wavelength transverse-
] ) ) ] acoustic phonons combining an amount of free volume rela-
persoftening of the transverse phonon is mainly attributed Qe 1o jts equilibrium crystalline state. The supersoftening is
the unique microstructural characteristics of the glassy statg,; simply attributed to the small density difference between
The supersoftening confirms highly static atomic disordefne amorphous and crystalline states; it is rather mainly re-
microstructure in the BMG. , _ lated to the unique microstructural characteristics of the me-
The finding of the supersoftening also provides a supporfy|jic glassy state. The supersoftening may have close rela-

to the recent studies on the atomic diffusion in the BMG.tion with the excellent glass forming ability of the glass
which suggests a highly cooperative diffusion mechanlsn}orming system.

involving many atoms, which differs from that of its ordered

counterpart>=?’It is suggestetf*°that if the basic diffusion The authors are grateful to the financial support of the
mechanism involves the collective motion of a large numbemNational Natural Science Foundation of Chif@rant Nos.

of atoms, a far smaller frequendtypically 101°s™1) is ex- 59871059, 59925101, and 198740%hd the Chinese Na-
pected to be several orders of magnitude lower than the Ddional Mirogravity Laboratory of CAS.
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