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The pressure-dependent acoustic velocities of aNRghCusoP,; bulk metallic glassBMG) have

been measured up to 0.5 GPa by using an ultrasonic technique with the pulse echo overlap method.
The elastic constants, the Debye temperature, and their pressure dependence are obtained. The
isothermal equation of stateOS of the BMG is established in terms of the Murnaghan form. The
atomic configurations of the BMG are discussed by comparing the elastic constants and the EOS
with those of its metallic component and of other amorphous material20@ American Institute

of Physics[S0003-695000)04349-7

Studies on elastic properties and Debye temperature caneasured at room temperature by using the pulse echo over-
provide important information about structural and vibra-lap method® The travel time of ultrasonic waves propagat-
tional characteristics for a condensed matteHowever, in  ing through the rod with a 10 MHz carry frequency was
comparison with the crystalline state, the understanding omeasured by using the MATEC 6600 ultrasonic system with
glassy metallic state has been impeded by the inability irx- and y-cut quartz transducers. The measuring sensitivity
preparing bulk metallic glasse8MGs). Recently, multi- was of the order of 0.5 ns. The high pressure experiments
component Pd- and Zr-based glass forming systems with were performed on a piston-cylinder high-pressure appara-
larger geometry have been developed by a conventional cadtis, and electric insulation oil was used for the pressure
ing process at a low cooling rate’ Among the BMGs, transmitting media, for which hydrostaticity has already been
PANICuP systems are of the highest reduced glass transitigfetermined at room temperatrhe measurements were
temperature of 0.72 known so far, and can be prepared intoperformed for several pressure load—unload cycle times to
glass with a maximum thickness of over 70 mm at a coolingexamine its reproducibility. The loading and unloading rate
rate less than 1 K& It is believed that the BMGs have a was 0.04 kbar/min. The density was measured by the
considerable potential for both theoretical investigations and\rchimedean technique and the accuracy lies within 0.1%.
practical applications. Ultrasonic measurement provides &pon pressure loading, the density and the length of the rod
powerful tool for obtaining the elastic constants and Debyevere modified with the Richard Cook methtidElastic con-
temperature of a solid matter, and the larger geometry of thétants(e. g., Young’s modulu€, shear moduluss, bulk
BMGs is more suitable for the measurement of elastic wavénodulusK, and Poisson’s ratie) and Debye temperatures
propagation compared to conventional metallic gla8ses®p were derived from the acoustic velocities and the
However, not much work has been done on this aspect, iflensities?’
particular, on the understanding of microstructural configu-  The longitudinal, transverse velocities, v, and the
ration under pressure. In this work, we investigate the presdensityp of the BMG at ambient condition are 4.744 km/s,
sure dependence of the acoustic velocities, the elastic coA-959 km/s, and 9.152 g/cinrespectivelyE, G, K, o, and
stants, and the Debye temperature of aSQN-quLbOPZl ®D are calculated to be 982, 351, 159.2 GPa, 0397, and

BMG. With these results, we attempt to reveal the character?79 K. These values are rather close to those of crystalline

obtain structural information. the BMG lacks long-range order. For a solid material, Pois-

A 6-mm-diam rod of the PdNiCuP BMG was prepared SON'S ratio o= (v*— 2v,?)/2(v*~v,?) and the expression
by a water quenching methddThe composition was quan- of K/G:(v|/vt)2-4/3_’ are often used to evaluate its micro-
tified to be PggNi;(ClsgPy; by chemical analyses. The amor- Structural characteristics, and=0.25(K/G~1.7) is re-
phous nature as well as the homogeneity of the BMG waderred to as th_e typical value for.{sotroplc miterlals with
ascertained by x-ray diffraction and transmission electrorf€ntral interacting forces such as silicate gldss: Somes
microscopy. The BMG rod was cut into a length of about 102nd K/G values of the BMG and of other Pd-containing
mm and its ends were polished flat and parallel. The acoustii'etallic glasses from Ref. 15 are listed in Table |. Compared

velocities and their pressure dependence of the BMG werlP these conventional metallic glasses, which have lower
GFA and require a higher cooling rate for glass formation,

) - the PdgNi;(CuygP,; BMG shows smaller values af and
VAV:tnhgl:nt?@:;ﬁ;pﬂ/c;c”f;pondence should be addressed, electronic mailt /5 A previous study confirms that the decreaserdifrings
YAlso at: College of Material Sciences and Chemical Engineering, Yan-abom_ more difficulties in atomic rearrangeme_nts, which re-
shan University, Qinhuangdao, 066004, People’s Republic of China.  sults in higher GFA The present results are in agreement
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TABLE I. Comparison of longitudinal and transverse acoustic velocities
vy, Poisson ratiar, and the ratio of bulk modulus to shear modulu§ of 0.020 . K "
various Pd-containing metallic glasses. -
ootef * E "
[ Ut I 4 G .. xl
.
Sample (km/9) (km/s) vy /v, T K/IG ;B 0.012L e 5 . ..,n
PchoNiy ClUsgPar 4.750 1.963 2.42 0.397 452 > I . ..l’
P NisgPsd 4.930 2.020 244 0399 462 y. 0.008 N L
PdygNizPye? 4.786 1.918 2.49 0.404  4.89 ~ - _-:.‘
Pdhg {CUsSiyg & 4.6 1.797 2.56 0411 522 0.004 ugat
s
s
®Data from Ref. 15 0.000 ‘.‘200....,.,....0000000“

with the argument and the decreasesirand K/G improves 00 01 02 03 04 05 06
the GFA of the Pd-containing alloys. Pressure (GPa)

Figure 1 shows the pressure dependence of the reduc%. 2. Variation of the elastic constants of the;§i; (CusoP,; BMG with

longitudinal and transverse velocitiesgv (P)/v(Po) pressure Y=K,E,G,0). K, E, G, ando stand for bulk modulus, Young’s
=(v(P)-v(Pg)/v(Py), for the PdgNi;oCusP,1 BMG at  modulus, shear modulus, and Poisson's ratipis the modulus at ambient

room temperature, whef®, is the ambient pressure. Revers- Préessure.

ible behaviors in the acoustic velocities undrecycling are

shown in Fig. 1 with slight hysteresis effects. And thus, theconstant, respectivelf is the atomic volume. As shown in
measurements are within the elastic region of the BMG, andFig. 3, ® increases by-0.62% up to 0.5 GPad repre-

no pressure-induced structural relaxation is visible. Uporsents the temperature at which nearly all modes of vibration
pressure loading;; andv, roughly linearly increase, and the in a solid are excited, and its increase indicates a strengthen-
pressure coefficientsl¢/dP)/v for v, andv, are yielded to  ing in the rigidity of the BMG with increasing pressure.

be ~0.015 and~0.010 GPal, respectively. The longitudi- On the basis of bulk modulus and its pressure depen-
nal velocity is slightly more sensitive to the pressure varia-dence, an isothermal equation of stéf©S is established in
tion than the transverse one. terms of the Murnaghan forff;!’

The variationsdY (P)/Y(Pg) =[Y(P)-Y(Pg) 1/Y(Py) of ,
the calculated elastic constais G, K, ando are shown in Kol Vo Ko 1 5
Fig. 2 as a function of pressure. The elastic constants mo- ~~ K/||Vv(P)] —~ 2

notonously increase with pressure, indicating the continuous , )
stiffness of the elastic constants under the hydrostatic pred/nereKo andKg are the bulk modulus and its pressure de-
sure. Bulk modulusk exhibits the biggest increase by rivative at zeroP, respectively, an¥ is the volume at zero

~1.7% up to 0.5 GPa, whilE andG have relatively smaller PressureK, of the PdgNiy(CusgP,, BMG is derived to be
changes.c almost keeps constant within the experimental®-28+0.01 from Fig. 2 and, accordingly, the isothermal EOS
range, indicating little structural changes. When the BMG isOf the BMG in the elastic region is described as

treated as a monatomic lattice with an average cellular vol- V., |628
ume, the Debye temperatué, is calculated using the for- PZZS{(W) - 3
mula
h 9 |31 o2\-18 Figure 4 ;hows thg volume compression curves
@D:—(—) (—3+ —3) , ) Vo /V(P) of various materials up to 0.5 GPa. Unlike other
kg | 470 vr Uy amorphous materials such as oxide glasses and amorphous

whereh andkg are the Planck constant and the Boltzmancarbon;® the Pd- and Zr-based BMGs exhibit small volume
changes with pressure, as do their metallic compon@tits.
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FIG. 1. Pressure dependence of the longitudinal and transverse acoustic
velocities,v; andv,, of the PdgNi;CusoP>; BMG. v is the velocity at  FIG. 3. Debye temperature of the fNi;(CusP>; BMG as a function of

ambient pressur@,. pressure.



3736 Appl. Phys. Lett., Vol. 77, No. 23, 4 December 2000 Wang et al.

10150 In conclusion, the elastic constants, the Debye tempera-
Amorphous ture, and their pressure dependence of thgNRghCuzPsy
| carbon BMG are obtained. It is found that for Pd-containing metallic
Window glass glasses, the decrease®br K/G favors the improvement of
1.010 the GFA. The isothermal equation of state of the BMG is
o established in terms of the Murnaghan form up to 0.5 GPa.
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