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In situ ultrasonic measurements for the ,f@UsNi;oPog bulk glass in three states: Glassy solid,
supercooled liquid, and crystalline, have been performed. It is found that velocities of both
longitudinal and transverse waves and elastic mo¢shiear modulus, bulk modulus, Young's
modulus, and Lameparametey, together with Debye temperature, gradually decrease with
increasing temperature through the glass transition temperature as the Poisson’s ratio increases. The
behavior of the velocity of transverse wave vs. temperature in the supercooled liquid region could
be explained by viscosity flow, rather than the two different crystallization processes in the region,
suggested in the literature. No decomposition was detected at a temperauée Kridelow the
crystallization temperature. @001 American Institute of Physic§DOI: 10.1063/1.1359490

In the last decade, many multi-component glass formingsitu ultrasonic measurements were performed by an ultra-
alloy systems with a large supercooled liquid region weresonic pulse sing-around meth&tin the temperature range
discovered:? These materials possess an extremely higi294—675 K at a heating rate of 5 K/min under a flow of
glass forming ability, and high thermal stability against crys-purified argon.
tallization. For example, a cooling rate of merely 0.1 K/sis ~ Figure 1 shows the DSC trace of bulk jg@usNi; Py
required to suppress crystallization, and to form a metalliglass at a heating rate of 5 K/min under a flow of purified
glass sample with diameter up to 72 mm for theargon. The glass exhibits an endothermic event characteristic
Pd,CusNi;oPoo alloy® Measurements of viscosify, Of the glass transition af,=561K, followed by one exo-
crystallization® diffusion® density! thermal expansiofi, thermic event indicating a eutectic crystallization process at
electron transport,structure!® and specific heat capacity, Tx=635K, andAT=T,—~Ty=74K. Figure 2 shows the
have been performed on bulk BBusNiyoP, glass. Re- longitudinal and transverse acoustic velocitiésandVs, as
cently, Wanget al,'? performed ultrasonic measurements atfunctions of temperatures up to 675 K. The calorimetric
ambient temperature for as-cast bulkyf@luNi;oP,; glass glass transition temperature, and the onset crystallization
and samples annealed at various temperatures for 1.5 h, afgmperature of the glass, are marked in Fig. 2 indicating the
found that two different crystallization processes are likely toSUPercooled liquid region. At 294 K,=4.51km/s, while

exist in the supercooled liquid region. No decompositionYs= 1-89 km/s. With increasing temperature, velocities of
process in the supercooled liquid regitrat a temperature POth waves gradually decrease at a slope of 0.3@&Knfor

35 K below the crystallization temperature of a eutecticth® longitudinal wave(294-530 K, and a slope of 0.356
314\yas reported for the bulk ReCusNi;oPo glass. m/(sK) for the transverse wav€94—-520 K. V, decreases

reaction? ST ) !
We report here the results @msitu ultrasonic measurements With increasing temperature in the range 580-640 K at a

for Pd,CusgNiioPog bulk glass in three states: Glassy solid,

supercooled liquid, and crystalline. 0.2-

A master alloy ingot with composition BgCusoNi;oPsoq —_
was prepared by arc melting a mixture of pre-alloyed g 0.0-
Pd;oPs0, Pd, Ni, and Cu of purity ranging from 99.9 to b
99.999 at. %, together with a,85 flux medium in a purified € -0.21
argon atmosphere. A glassy rod-shaped sample with a diam- g’ 0.4
eter of 15 mm was prepared by the water quenching method 9
described in Ref. 3. The amorphous nature of the as- W .0.6-

guenched rod was confirmed by x-ray diffraction and trans-
mission electron microscopy. Thermal analysis was per-
formed in a differential scanning calorimet@SC). Thein
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FIG. 1. DSC trace of PgCusgNi,oPs bulk glass at a heating rate of 5 K/min
¥Electronic mail: jiang@fysik.dtu.dk under a flow of purified Ar. The positions @f; and T, are indicated.
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FIG. 4. Temperature dependences of the Debye temperalyjeafd Pois-

FIG. 2. Velocities of longitudinal {;) and transverse wave¥{) vs. tem- son's ratio for PaCusNizgPso bulk glass.T, and T, are indicated,

perature for PgCusgNiqgPog bulk glass at a heating rate of 5 K/min under a
flow of purified Ar. T, and T, are indicated.

moduli, the Debye temperature, and Poisson’s ratio, are

slope of 1.890 nisK). However, betweeT, and T,, Vq strongly correlated with the temperature dependence of the

rapidly drops from about 1.792 km/s at 580 K to 1.719 km/svelocity of transverse waves. The Debye temperature drops
at 614 K. It has a constant value of roughly 1.712 km/ from about 252 K at 600 K to 243 K at 625 K, indicating that

around 630 K, followed by a rapid increase to 1.771 km/s ginteratomic interactions become weaker. This is also re-

635 K. Above T, the temperature dependence of bothflected in the shear modulus and Young's modulus. On the

waves is complex. The sample first consists of crystallinéther hand, Poisson’s ratio increases from 0.402 to 0.406,
phases and residual amorphous alloy, and then crystalliz&¥ile bulk modulus and Lamparameter have a maximum
completely above about 660 K. Using the density data O1_around 610 K. At the crystalllzauon temperatufg, a kink
Pd,CusoNi; P50 bulk glass versus temperature reported inis detected for all elastic cor_13tants. Aqu/)e, the Fempera-
Ref. 8, the temperature dependences of the elastic moddiire dependence of all elastic constant is complicated due to
(shear modulus, Young's modulus, Lanparameter, and (e Sample microstructure.

bulk modulus, together with Debye temperature and Pois- 10 €Xplain the behavior of the velocity of transverse
son’s ratio, can be found in Figs. 3 and 4. At 300 K, theWave Vs. temperature in the supercooled liquid region, mi-
shear modulus, Young's modulus, Lanparameter, bulk crostructures of samples annealed at 615, 630, and 650 K

modulus, Debye temperature, and Poisson’s ratio are 33.4/€re investigated by high-resolution transmission electronic

93, 123, 145.3 GPa, 270 K, and 0.393, respectively. ThesBlICrosCOpy(HRTEM). Some examples are shown in Fig. 5.
values are similar to those for REUNi;oP,, bulk glass? The samples were heated in the DSC at a rate of 5 K/min to

With increasing temperature the shear modulus, Young’éhe given temperature. After annealing for less than 5 s, the
modulus, Lameparameter, bulk modulus, and Debye tem-Samples were then ql_Jenched to room temperature. It was
perature decrease, while the Poisson’s ratio increaseg, At found that after annealing at 615 and 630 K respectively, the
there is no dramatic change of any of these parameters, 6{paterlals were still in the amorphous state. No decomposi-

though the slope of specific volume vs temperature changdion was detected in samples annealed at 615 and 630 K,
from 545710 3m3(gK) below T, to 8785 while the material partially crystallized after the annealing at

X 10”3 m¥(gK) aboveTg.8 Note that a significant change in 650 K. Longitudinal waves are readily propagated in gases

shear modulus aT, was suggested for ZrTiCuNiBe bulk and liquids, as well as in elastic solids. The gradual decrease
g . . . . .
glasse<® In the supercooled liquid region, it is experimen- of the velocity of longitudinal waves with temperature in

tally found that the temperature dependences of all the elastfc!d- 2 IS @ result from the softening of the interatomic inter-
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FIG. 5. High-resolution transmission electron microscopy images and their
FIG. 3. Temperature dependences of the elastic mgsluiar modulugG), corresponding selected area diffraction patterns of samples heated at a rate
bulk modulus(K), Young’s modulus(E)] and Lameparameter(\), for of 5 K/min to 615, 630, and 650 K, respectively, and annealed for less than

Pd,CugoNi oPyg bulk glass.T, and T, are indicated. 5 s before being quenched to room temperature.
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