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Zrs, Cup7 Nigg Al 1oTis bulk metallic glass compositedMGCs) containing carbon nanotubes
(CNT9 are found to have a strong ultrasonic wave absorption ability. Ultrasonic attenuation
coefficients of Zr-based BMGCs increase dramatically with increasing volume fraction of CNTs.
The excellent ultrasonic wave absorption ability is attributed mainly to the multiscattering caused by
the CNTs and ZrC phase dispersing randomly in the glass matrix20@8 American Institute of
Physics. [DOI: 10.1063/1.1570938

Recently, ultrasonic measurement has been applied exhe BMGCs containing different volume fractiofwol %) of
tensively to investigate the structural variation and vibrationCNT addition have the mixed structure of residual CNTs and
characteristics of the bulk metallic glass@VGs).1>Mea-  ZrC phase dispersing randomly in the glassy matrbhe
surements of acoustic velocities and attenuation in BMGZrC phase comes from the interfacial reaction between the
become much easier than in thin amorphous ribbons becauselded CNTs and the amorphous matrix. Although the added
of their larger geometry and higher thermal stability. More CNTs have reacted partially with the glass matrix, HRTEM
recently, Zr-based BMGs reinforced with carbon nanotubesbservations show that the most residual CNTs still keep
(CNT9 have been processédThe CNTs dispersing in their multiwalled and tubular structufeThe effect of the
the BMG matrix still keep their tubular and multiwalled addition of CNTs on acoustic wave attenuation of BMGCs is
structure. The CNT-reinforced BMG composites are light-shown in Table | and Fig. 1. The longitudinal ultrasonic at-
weight and have improved mechanical and physical propetenuation coefficient ;) and the transverse ultrasonic at-
ties compared to the BMG itself. In this letter, we reporttenuation coefficientd;) increase dramatically with increas-
an ultrasonic attenuation study of the CNT-reinforceding volume fractions of CNT addition. Even a 1.0-vol %
Zrsp Cly7 Ning Al1oTis bulk metallic glass composites CNT addition can cause a very large relative changeyin
(BMGCs). Investigation shows that the BMGCs have strongand «, (440% and 255%, respectivélyCompared with car-
ultrasonic attenuation characteristics and show excellerion addition, the ultrasonic attenuation induced by CNT ad-
wave absorption ability, which implies that BMGs may havedition is much largef,indicating that ultrasonic attenuation
significantly potential application in the field of shielding is very sensitive to CNT addition, and CNT addition can
against acoustic sound or environmental noise. markedly enhance the ultrasonic absorption ability of the

The preparation of the composites containing differentcomposites. With further increase of the addition, the relative
volume fractions of CNT addition was described in detail in changes ina; and «; increase significantly. The relative
Ref. 6. The composite rods were cut into cylinders with achanges iny; anda, for the composites containing 2.0-, 3.0-,
length of 8 mm. The ends of cylinders were carefully pol-and 4.0-vol% CNT addition are 560%, 640%, 900%, and
ished flat and parallel. The acoustic attenuation of the specg19%, 482%, 536%, respectively. For a 4.0-vol % CNT ad-
mens at room temperature was measured by using a pulsgition, «; and, are about 10 and 7 times larger than that of
echo overlap technique using a MATEC 6600 ultrasonicthe undoped BMG, respectively. With more than a 5.0-vol %
system with a 10-MHz carrier frequenty.This method has  CNT addition, the reflected acoustic velocities of the
been described in detail in Ref. 1. Ultrasonic attenuation wagmGcCs could not be detected because ultrasonic attenua-
obtained from the measurements of the amplitude decay Qfons are too strong, so that no pulse echo was observed on
successive echoes. The attenuation coeffidiendB/cm) of  gscilloscope screen under applying experiment conditions.

a sample is calculated according to the reldtion These results demonstrate that the addition of CNTs into Zr-
based BMG matrix causes strong ultrasonic wave absorption.

a= Elog a ) It is known that the anharmonicity in a homogeneous
2nl Aiin glass solid gives rise to wave absorption via the so-called

o _ _ Akhieser effec™* The loss originates from the absorbed
where Aj and A, , indicate the amplitudes of thih and  gnergy as the phonons of an anharmonic solid shift to a new
(i+n)th echoes, respectively;is the length of the sample. qnequilibrium distribution under stress. For multiphase sol-
The measuring sensitivity of attenuation was about 5%. 45 acoustic attenuation originates from multiple scattering

X-ray diffraction patterns and high resolution transmis-o¢ myitiple scatterers dispersed randomly in an elastically
sion electron microscopfHRTEM) observations show that isotropic matrix. After adding CNTs into the BMG matrix,
the tubular shape of CNTs is basically képthese CNTs
3Electronic mail: whw@aphy.iphy.ac.cn dispersing randomly in the glassy matrix supply large
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TABLE |. The longitudinal and transverse ultrasonic attenuatiepgnd «) for the undoped BMG and the
BMGCs containing different vol % CNT additions.

BMG 10vol% 20vol% 3.0vol% 4.0vol% 50vol% 7.0vol% 10.0 vol%

p 6.73 6.701 6.643 6.607 6.549 6.502 6.345 6.161
(g/cn?)

2 0.5 2.7 3.3 3.7 5.0
(dB/cm)

ag 1.1 3.9 5.4 6.4 7.0
(dB/cm)

amounts of nanoscale tubes embedded randomly in theaused by mass defects is proportional Aar()%f>; namely,
glassy matrix. The interfacial reaction between the glassyo(Am)2f> (Am indicates the variation in the mass due to
matrix and the adding CNTs also leads to the formation of arthe introduction of the defects$;is the frequency of the in-
amount of new interfaces and ZrC ph4sehe mixed struc- cident wave.® For a fixed frequency of 10 MHzP

ture, which consists of nanoscale tubes, the interfaces and(Ap)2 (Ap=p—po, Wherep andp, are the density of the
ZrC phase, can act as multiple scatterers. Morse has report@MG and the composites, respectivelFigure 2 shows the
that the scattered wave spreads isotropically in all directionglependence ofXp)? on the volume fraction of CNT addi-

at low frequencies when the wavelength of an incident waveion. It is seen that4p)? (or P) increases significantly with

(\) is much greater than the particle raddis® For an ultra-  increasing CNT addition, implying that the scattering effi-
sonic wave with a frequency of 10 MHz, its wavelength isciency P increases significantly with increasing CNT con-
much larger than the mean size of CNTs. When ultrasonig¢ent. When the addition of CNTs increases, the total volumes
waves transmit across the composites with the mixed strucf the scattering phases per unit volume also increase, and
ture, most of them are multiscattered in all directions beyzjse the probability that an impinging wave will be scat-
cause of the random distribution of mu|tlp|e scatterers. Thiqered, resu'ting in an increase Bf Furthermore, in the pro-
leads to the strong ultrasonic attenuation and wave absorpess of the interfacial reaction between the additional CNTs
tion ability. Acoustic attenuation caused by the anharmonicyg the glassy matrix, the dissolution of carbon atoms into
ity in amorphous solidiincreases proportional to the squargye glassy matrix induces denser random packed microstruc-
of incident frequency; ** namely, a,~ 2. However, for a  yyre of the glassy matrix, and results in stronger interatomic

solid containing the scatterers, acoustic attenuation keeRfteraction and larger anharmonicity. This also causes the

varied law of frequency depending on the diameters, the Voli,rease in ultrasonic absorptién.

ume fractions, the mass of scatterers, and other complex fac- |, onclusion. the CNT reinforced composites have
tors. On the other hand, the significant increase of UItr"’,‘SO,n'gtrong ultrasonic attenuation characteristics and excellent
attenuation with increasing volume fraction of CNTSs indi- \aye apsorption ability. Ultrasonic attenuation coefficients
cates that the CNTs dispersing in the glass matrix also have g yery sensitive to the addition of CNTs and increase dra-

significant effect on ultrasonic attenuation. Chadlisal. cal- matically with increasing volume fractions of CNT addition.

Cu'j‘ted thel Rda)éleig:: Wavre] scattering cause;]gl by mass;iefecﬁ]e excellent ultrasonic absorption ability of the composites
and concluded that the scattering efficiendy ( originates from the strong multiscattering induced by the

—g©)/E©) (0 () it ti X ) )
fEh ”.E _awhereE an((jj Eh are the egergy per unit tw_nel mixed structure of residual CNTs and crystalline ZrC phase
of the incident wave and the scattered wave, respecjive ydispers;ing randomly in the glass matrix, and the interfaces

between the glassy phase and CNTs.
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FIG. 1. Relative changed a/ay=(a— ag)/ay of the longitudinal and

transverse ultrasonic attenuatiom, (and «;) of Zrs, £Cuq7 Nigg Al 19Tis Fraction of Volume (%)

BMGCs with increasing volume fractions of CNT additiorx(is attenua-

tion coefficient of the undoped BMGy are attenuation coefficients of the FIG. 2. Dependence ofA(p)? (or the scattering efficiencf) on volume

composites fraction of CNT addition.
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